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EXECUTIW SUMMARY 

The purpose of this Interim Report is to present the procedures used and to interpret the results 

of data gathered to date as a result of a ground-water recharge study conducted by Advanced 

Sciences, Incorporated (ASI) at the Rocky Flats Plant beginning July, 1993. This study is being 

conducted at two locations, Sites 1 and 2, located within the boundaries of Operable Unit 2. It 

involved drilling a number of boreholes at each location and observing the rates and destinations 

of infiltration of precipitation through the Rocky Flats Alluvium at each of these locations. These 

field experiments are being conducted to provide quantitative field measurements of vertical flux 

in the uppermost hydrostratigraphic unit and the underlying bedrock at the two sites, and to 

provide the basis for Rocky Flats local ground-water modeling applications. 

@ At the present time, little in known about the nature and timing of recharge at the Rocky Flats 

Plant. For this reason, this recharge research is important to enable Rocky Flats Plant managers 

to better manage the plant water resources, to predict any contaminant migration, and to address 

remediation of any ground-water contamination problems. 

Section 1.0 of the Ground-Water Recharge Study provides an introduction to the Interim Report. 

It also describes the hypothesis and conceptual model, provides a site description and the site 

geology and hydrology, and discusses the literature review that was conducted prior to beginning 

the field study. Section 2.0 presents the drilling, soil sampling, and soil testing methods that 

were employed for this research. Section 3.0 describes the field instrumentation and data 

collection methods used. These included the monitoring of tensiometers, hydroprobes, and 

meteorological data. Section 4.0 integrates the data interpretation and analysis. Section 5.0 

summarizes the conclusions of  the Ground-Water Recharge Study. Section 6.0 identifies the 

authors, field investigators and technicians, editors, task managers, and technical direction of this 

Interim Report. Section 7.0 relates the references used to write this Interim Report. e 
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INTERIM REPORT 

GROUND-WATER RECHARGE STUDY 

1.0 INTRODUCTION 

The purpose of this Ground-Water Recharge Study is to assess rates and fate of infiltration of 

precipitation into and through the Rocky Flats Alluvium at two locations underlying Operable 

Unit 2 (OU2) at the Rocky Flats Plant (RFT) (Figure 1). The Rocky Flats Alluvium, along with 

limited occurrences of bedrock sandstones which outcrop and subcrop beneath the Rocky Rats 

Alluvium, comprise the uppermost hydrostratigraphic unit (UHSU) in OU2. Understanding the 

nature of recharge conditions at the RFP is important relative to managing its water resources, 

predicting contaminant migration, and addressing remediation of ground-water contamination 

problems. Potential users of this research study include modelers, operable unit (OU) managers, 

and site-wide study managers. 

@ 

Numerical models, such as MODFLOW (McDonald and Harbaugh, 1984), are being used by 

modelers at the RFP to solve water management problems. Recharge rates are a key input to 

these numerical models. To date, this variable has not been studied and determined specifically 

for the vicinity of the W P .  If the recharge rates are inaccurate, errors occur in calibrated 

parameters of the model. This situation leads to the potential for erroneous model simulations 

and poor management decisions. At contaminated sites, where contaminants can be transported 

through the alluvial zone by infiltrating water, it is currently uncertain whether the contaminants 

migrate vertically downward into the bedrock, move laterally in the alluvial zone, accumulate in 

the root zone, or a combination of these. Different remedial actions are appropriate for each of 

these possible transport paths. In addition, ground-water models require knowledge or estimates 

of the quantities and distribution of evapotranspiration. Prior to this study, quantitative 

evapotranspiration measurements have not been performed at the RFP (ASI, 1993a). e 
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Currently, little is known about the nature and timing of recharge at the RFP. It is uncertain 

whether recharge is a continuous process throughout the year at a nearly constant rate, or episodic 

and seasonal in nature. Alluvial well hydrographs at the RFP have indicated dramatic increases 

in water levels that may be due to non-uniform percolation through the unsaturated zone to the 

water table (EG&G, 1991; 1992a; ASI, 1992). The combined influence of soils, precipitation, 

vegetation, and climate suggest that higher rates of recharge occur to the UHSU than the bedrock 

aquifers. If recharge estimates from both of these assessments are correct, then infiltration to the 

UHSU zone may discharge from the ground-water system without flowing through underlying 

bedrock. It is probable that this discharge occurs via lateral flow above the underlying bedrock 

accompanied by evapotranspiration and seepage to surface water (ASI, 1993a). 

Because past assessments of the fate of recharge have been based upon indirect evidence, field 

experiments are being conducted to assess the nature and timing of recharge. These assessments 

might also test the hypothesis that, in general, recharge to the UHSU in general is higher than 

recharge to the underlying bedrock at the RFP. This research study is attempting to provide 

quantitative field measurements of vertical flux in the UHSU and the underlying bedrock at 

specific sites within the RFP and to provide data upon which to provide the basis for RFP local 

ground- water modeling applications. 

1.1 HYPOTHESIS AND CONCEPTUAL MODEL 

Ground-water recharge occurs when percolation exceeds the demands of evapotranspiration. 

Water drains from the root zone and flows downward to replenish the underlying ground-water 

resources. Typically, percolation does not exceed evapotranspiration for most of the year in arid 

and semiarid regions. Recharge is often episodic or seasonal in nature (Balek, 1988). There may 

be only a few times during the year when precipitation is high enough to exceed 

evapotranspiration. For example, some regions have high precipitation in winter or early spring e 
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when the water needs of vegetation and evaporation rates are relatively low. In some areas of 

the RFP, net recharge to the underlying groundwater aquifer may not occw every year (ASI, 

1993a). 

Gee and Hillel (1988) make a distinction between two modes of recharge: continuous, diffuse 

recharge from widespread percolation through the unsaturated zone, and transient recharge from 

short-term penetration of water through preferred subsurface pathways. Diffuse recharge is often 

localized and only occurs in limited areas of a region. Localized recharge may be controlled by 

a number of factors including topography, vegetation, soil hydraulic properties, heterogeneities, 

and depth to the water table (Rushton, 1988). 

A constant soil-moisture profile does not necessarily indicate a static water condition. Vertical 

gradients are often found to be near unity in homogeneous soils with flow occurring under the 

gravity gradient (Gee and Hillel, 1988). Steady-state conditions also may be present in 

heterogeneous soil. Under these conditions, the gradient is not unity. Static moisture profiles 

have been reported in heterogeneous soil conditions by Davis and Pittman (1990) and 

Hammermeister and others (1985). 

A conceptual model for RFP unsaturated-zone recharge is based in part on a similar study 

conducted at a site near Golden, Colorado (Kiusalaas, 1992). This study revealed that static 

moisture profiles existed below 3.0 feet (ft) throughout most of the monitoring period (September 

1991 through September 1992). During this time, large quantities of water appeared to infiltrate 

the soil surface and percolate short vertical distances. However, this water generally did not 

progress beyond the effective extraction depth of the native vegetation root system. Substantial 

percolation below this depth occurred during the month of March 1992. This percolation 

corresponded to a period of heavy precipitation and low evapotranspiration demands. However, 

the wetting front did not progress past a depth of 7.0 ft, which is within the effective root depth @ 
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of some of the native vegetation. It was judged that this water was depleted by 

evapotranspiration demands (Kiusalaas, 1992). Saturated hydraulic conductivities at the Golden 

site ranged from to lo6 centimeters per second (cdsec). These values are compatible with 

hydraulic conductivities previously evaluated at the two RFP study sites, and those anticipated 

from this study (ASI, 1992). Based on the Kiusalaas (1992) study, the working hypothesis is that 

percolation resulting from precipitation is unlikely to reach either the water table or bedrock at 

the RFP study sites as a result of uniform moisture redistribution. Additionally, it is 

hypothesized that if water does reach bedrock at an unsaturated interface, it may do so through 

macropores, not entering bedrock but preferentially flowing laterally along the alluvium-bedrock 

interface (ASI, 1993a). 

1.2 SITE DESCRIPTION e 
Two RFP study sites were selected based upon the occurrence of subsurface conditions, which 

included an inferred bedrock surface underlying an alluvial covering. The sites are located north 

of the RFP East Access Road in an area just east of the RFP Controlled Area (Figure 1) in OU2. 

These sites were chosen by EG&G and AS1 personnel, based upon borehole logs and a geologic 

depositional model (EG&G, 1991; 1992a; ASI, 1993a). This depositional model indicated that 

these sites were located on top of discontinuous sandstone bodies of fluvial origin. 

Information contained in well and borehole logs indicate that the Rocky Flats Alluvium is 

approximately 10 ft thick at Site 1 and separated from the underlying sandstone by claystone 

(Figures 2 and 3). At Site 2, the Rocky Flats Alluvium is about 30 ft thick and is in direct 

hydraulic connection with the underlying sandstone (Figures 4 and 5). Ground-water monitoring 

data indicate that the water table is consistently below the alluvium at Site 1 and within the 

alluvium only during the wetter months at Site 2 (ASI, 1992; 1993a). These data indicate that 

the Site 2 alluvium is much thicker. 0 
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1.3 SITE GEOLOGY AND HYDROLOGY 

1.3.1 Site Geology 

Boreholes drilled as a result of this study revealed geology consistent with that described in 

previous studies for this area (ASI, 1992; EG&G, 1991; 1992a). The Rocky Flats Alluvium was 

encountered at Site 1 from the ground surface to approximate depths ranging from 7.4 to 9.4 ft, 

and at Site 2 from the ground surface to approximate depths of 29.4 to 31.4 ft. The bedrock 

underlying Rocky Flats Alluvium at both Sites 1 and 2 consists of sandstonesklaystones of the 

Cretaceous age Arapahoe Formation (EG&G, 1991). Precise depths to bedrock could not be 

measured because all core recovery was contained in brass liners for potential geotechnical 

analysis; thus, the exact location of the contact could not be noted. The lithology was described 

very generally from the ends of the brass liners and recorded on the Preliminary Well-Site Logs. 

Copies of these logs are included in Appendix A. The Rocky Flats Alluvium is generally 

described as being composed of light brown to dark yellowish-orange, grayish-orange to dark 

gray, poorly sorted (well-graded), angular to subrounded cobbles, coarse gravel, coarse sand, and 

gravelly clay with varying amounts of caliche (EG&G, 1991). 

1.3.2 Surficial Materials and Vegetation 

Vegetation is relatively sparse at both Sites 1 and 2, due in part to the semi-arid climate of the 

area. Field activities, including heavy equipment drilling, monitoring-well and borehole 

installation, and hydroprobe access-tube installation, have damaged the vegetation and may have 

compacted the surficial materials. The topsoil at these sites consists primarily of silty to sandy 

clay and gravel. 
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1.4 LITERATURE REVIEW 

A literature search of previous research related to recharge in arid and semiarid environments was 

undertaken. Few field studies using quantitative field measurements to calculate recharge in this 

type of environment have been documented in this literature. No studies conducted in the 

western part of the Denver Basin or the RFP were revealed (ASI, 1993a). 

Of the previous work reviewed, a study by Klute and others (1972) was conducted under 

conditions most closely resembling those at the RFP. The purpose of that study was to assess 

the impact of agricultural land management practices on ground-water recharge to the Ogallala 

aquifer near Burlington, Colorado. The authors cited studies that reported average recharge rates 

to the high plains of approximately 0.8 inches per year (idyr) (Boettcher, 1966; Cardwell and 

Jenkins, 1963; McGovern, 1964,; Weist 1964) and 0.4 idyr for Kit Carson County (Reddell, 

19671, where the Klute study was conducted. 

a 

To assess ground-water recharge rates and the impact agricultural surface treatments have on 

them, a site was established that consisted of Peorian loess overlying the Ogallala Formation. 

The site was divided into 12 100- x 80-ft plots. Each was assigned one of six surface treatments 

consisting of native rangeland, mechanical fallow, pitting, chemical fallow, gravel mulch, and 

gravel mulch with herbicide. Soil-moisture content was monitored using a hydroprobe to a depth 

of 9.5 f t  in all plots, except for the gravel mulch with herbicide. This plot was monitored to a 

depth of 18 ft. Readings were taken at 1-ft intervals. Moisture- characteristic curves were 

developed for selected samples using 1-, 5, and 15-bar measurements. In addition to moisture 

characteristic curves, matric potential was determined using thermocouple psychrometers installed 

in the native rangeland plots (Klute and others, 1972). 
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Throughout the monitoring period, the native rangeland showed no significant change in moisture 

content below 4 ft. In-situ matric potentials, determined from the moisture-characteristic curves, 

were less than negative 15 bars from 2 ft to the bottom of the measured interval. Thermocouple 

psychrometer measurements indicated very large negative matric potentials throughout most of 

the year. These readings are summarized in Table 1 (Klute and others, 1972). 

The authors concluded that no significant recharge occurred from precipitation at that site under 

natural rangeland conditions. If previous recharge estimates of 0.8 in/yr are correct, substantially 

larger rates must occur at isolated areas such as playa lakes, stream beds, terrace channels, or 

irrigated farmland (Klute and others, 1972). 

TABLE 1 
0 

MATRIC POTENTIALS FROM THERMOCOUPLE PSYCHROMETER READINGS 
IN NATIVE RANGELAND NEAR BURLINGTON, COLORADO 

Source: mute and others, 1972 e 
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Other relevant studies conducted in semiarid regions include that by Stephens and McOrd (1987) 

near Socorro, New Mexico. Fluxes were calculated in the vadose zone by applying Darcy's 

equation to in-situ pressure-head data from tensiometers. These calculations assumed only 

vertical flow. Fluxes ranged from 0.7 to 3.66 centimeters per year ( cdyr )  using the harmonic 

mean and geometric mean, respectively, to calculate hydraulic conductivity. Summer rains were 

found to take up to 4 months to penetrate 2.4 meters in this "relatively uniform, unconsolidated, 

dry sand" (Stephens and McOrd, 1987). 

0 ROCKY FLATS PLANT 

Stephens and McOrd (1987) continued their work by examining the effect of topography on 

recharge. They concluded that recharge can be very localized in arid and semiarid climates with 

a higher potential for recharge existing in topographically concave locations as opposed to 

hilltops or slopes. Large lateral flow components were found in the Socorro, New Mexico study 

area, using tracer tests on apparently uniform sandy hill slopes even with the absence of horizons 

of low permeability. The lateral flow was believed to have been due to the anisotropy of 

hydraulic conductivity. 

0 

Nixon and others (1972) conducted a 10-year study in a semiarid watershed. They found that 

rain penetrated as a wetting front during the rainy season but did not reach the bottom of the root 

zone every year. Extrapolation of the data collected at four sites indicated that recharge resulting 

from precipitation occurred on an average of once every 7 years. The wetting front at a grass- 

weed site only penetrated below the root zone three times in the 10 years of monitoring to 

contribute to recharge. The strongest wetting front that contributed to recharge took 2 months 

to travel 8.5 ft from the bottom of the root zone to the full monitored depth in this sandy soil. 

The authors concluded that recharge occurred at irregular intervals that depended upon the 

sequence and amount of precipitation events and the moisture holding capacity of the root zone. 
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Van Tonder and Kirchner (1990) conducted a recharge study of the Karoo Aquifer in South 

Africa using hydroprobe measurements. They found no increase in soil-moisture content below 

a depth of one meter despite "exceptionally high rainfall" during part of study duration and a 

corresponding rise in the water table. They attributed this to recharge along preferential pathways 

(cracks) that were not detected with the hydroprobe. 

Enfield and others (1973) applied thermocouple psychrometer data to a site at the Hanford 

Reservation in the state of Washington. They used a modified version of the Quirk and 

Millington equation to allow for thermal gradients and hydraulic conductivity values calculated 

using the method outlined by Jackson and others (1965). Steady-state conditions were believed 

to exist throughout the monitored interval (10 to 80 meters). Vertical flux was calculated at 80 

meters where matric potential was 1 bar and a gradient of 0.04 bars was inferred from other 

psychrometers. The authors concluded that the rate and direction of flux was uncertain, although 

if it did exist, it was less than 1 cm/yr. They attributed the uncertainty to limitations of 

calculated hydraulic-conductivity values and thermal diffusivities and neglecting osmotic 

potentials. 

@ 

2.0 DRILLING, SOIL SAMPLING, AND SOIL TESTING 

2.1 METHODS 

EG&G Rocky Flats, Inc. standard operating procedure (SOP) guidance does not exist for this 

specific study. Therefore, to the extent existing EG&G SOPs were applicable, all tasks were 
performed in accordance with the appropriate SOPs for drilling, sampling, and analyses. All data 

were collected in a manner to maximize precision, accuracy, completeness, and 

representativeness. e 
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Six boreholes were drilled at each of the two sites using a solid-stem auger to depths of 8 to 10 

ft at Site 1, and 31 to 32 ft at Site 2. Locations of these boreholes are shown on Figures 2 and 

4 for Sites 1 and 2, respectively. A standard 140-pound drive sampling system was used to 

obtain a continuous length of "undisturbed" core contained in brass liners. Samples were visually 

inspected to choose specific segments for geotechnical analyses. Criteria for selection of samples 

for analysis included amount of recovery, lack of void space within the liner (to minimize in-situ 

moisture loss), and grain size. No samples were collected for chemical analyses because both 

sites had been characterized as a result of previous investigations associated with OU2. Soil 

samples extracted from 5 of the 12 boreholes (02293, 02393, 02493, 02693, and 02993) were 

used to provide material for physical analyses of the soils and to calibrate the hydroprobe. 

Aluminum casing was installed along the lengths of Boreholes 02293 and 02493 and polyvinyl 

chloride (PVC) casing was installed along the lengths of the other ten boreholes. Casing was 

needed to prevent collapse of a given borehole following withdrawal of the auger. This casing 

also served as hydroprobe access tubes for measuring soil-moisture versus depth at the sites. 

Ideally, aluminum casing would have been used in all boreholes, because it is stronger than PVC 

and does not interfere with hydroprobe measurements. However, availability and cost of 

aluminum casing prevented its use. However, aluminum casing was used in two boreholes when 

PVC casing could not be pushed to the needed depth without breaking. Drilling-rig augers 

decontaminated in accordance with the applicable SOPS (EG&G, 1992b and 1992c) were used 

for each boring. Down-hole sampling equipment was decontaminated between the collection of 

each sample. 

0 

Twenty-six soil samples were submitted to two different geotechnical laboratories for 

determination of physical properties. Sampled intervals were chosen to correspond as closely as 
possible to hydroprobe count locations. Tests, including moisture content, specific gravity, grain- 
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size distribution, unsaturated hydraulic conductivity/moisture-characteristic curves, and diffusivity 

(Bruce-Klute), have been or are currently being run on the collected borehole samples. 

ASTM (1992) procedures were used by the two laboratories for routine geotechnical tests such 

as moisture content, specific gravity, and grain-size distribution. The unsaturated properties 

determined as a result of this study will be used to assess the movement of water and possibly 

contaminants in unsaturated soils similar to those characterized in this Interim Report. 

Additionally, unsaturated hydraulic properties of the five soil samples analyzed by Advanced 

Terra Testing, Inc. (ATT, Inc.) will be compared to unsaturated soil properties from similar 

samples from the same boreholes analyzed by the combined United States Geological 

Survey/Colorado School of Mines (USGSKSM) laboratory located in Golden, Colorado. 

Moisture-characteristic curves and hydraulic conductivity versus moisture content were measured e 
on "undisturbed" samples in the USGSCSM laboratory. This testing used a new procedure 

developed jointly by the USGS and CSM (Olsen and others, 1993). A copy of the draft 

procedure is included as part of Appendix C-1. This new procedure had not been used on field 

samples prior to this study. The procedure consists of concurrent measurements of unsaturated 

hydraulic conductivity and pore-water tension (capillary pressure) on undisturbed soil samples. 

The basis for this new procedure is the use of flow pumps to simultaneously inject and withdraw 

equal, known amounts of fluid from the unsaturated sample, thus inducing steady-state flow 

conditions. At this time, this procedure is only capable of measuring unsaturated soil variables 

to capillary pressures of approximately 4 bars. In our judgement, this capillary pressure is 

adequate to measure important unsaturated flow variables at the RFP sites. 

I 

Diffusivity (Bruce-Klute) tests were performed by A n ,  Inc. to provide information necessary 

to calculate unsaturated hydraulic conductivity versus volumetric moisture content as an 

alternative to the CSM procedures. The coupling of Bruce-mute diffusivity test results with the 
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moisture-characteristic curves from pressure-plate data has traditionally been used to calculate 

unsaturated hydraulic conductivity versus moisture-content relationships. Results from A", 

Inc.'s traditional testing methods are being compared to the new CSM procedure results in an 
effort to evaluate the accuracy of the two methods. Table 2 lists the samples submitted for 

testing and provides a summary of the tests being performed on each sample. 
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Currently, standard laboratory methods designed for measurement of moisture-characteristic 

curves and hydraulic properties of disturbed soil samples stipulate that the fraction of sample 

composed of fragments that pass the #10 (2-mm) sieve, hereinafter referred to as the minus 2-mm 

fraction, be used (Mute and others, 1972). This stipulation is based on a variety of concerns 

associated with the experimental techniques including packing homogeneity and test 

reproducibility. Generally, use of the minus 2-mm fraction poses no concern to studies involving 

agricultural soils because this size fraction comprises over 90 percent of the sample. Of the 

samples obtained for standard testing (Am, Inc. samples) in this study, three had over 50 percent 

of their weight comprised of the fraction greater than 2 mm (Table 3); the remaining two samples 

had over 90 percent of their size fraction less than 2 mm (Table 3). 

While the fragments greater than 2 mm constitute a large fraction of some of the samples used 

in this study, various investigators (Bouwer and Rice, 1983; Mehuys et  al., 1975; Reinhart, 1961) 

indicate that such fragments play a relatively insignificant role in the moisture retention and 

unsaturated hydraulic properties of the sample. These investigators further outline simple 

correction procedures accounting for the volume of large fragments relative to the total sample 

volume. This is necessary to adjust data obtained from measurements on the minus 2-mm 

fraction to that of the total sample. 
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TABLE 2 

SUMMARY OF SOIL PHYSICAL AND HYDRAULIC TESTS BY SAMPLE 

Sample 

(ft below Grain- CharactJ Diffusivity 
ground Sample Moisture Specific Size UDSaturated (Bruce 

Moisture hkNd 

Borehole surface) Number Content Gravity Distribution Hydr. Cond.') Klute) Laboratorvz' 

w 

02293 2.9-3.4 1-2 X X 

02393 3.9-4.4 1-3 X X 
5.4-5.9 1-4 X X 
9.4-9.9 1-5 X X 

02393 2.0-4.0 A n - 1  
4.4-4.9 A n - 2  X 
4.9-5.4 A n - 2  X 

02493 4.9-5.4 1-6 X X 
5.9-6.4 1-7 X X 
8.9-9.4 1-8 X X 

02693 8.4-8.9 A n - 3  X 

02993 1.0-1.5 
4.5-4.9 

11.41 1.9 
13.4-1 3.9 
14.4- 14.9 
16.5-1 7.0 
18.4-18.9 
21.6-22.1 
22.9-23.4 

7.9-9.9 
19.4-21.5 

2- 1 
2- 2 
2-3 
2-4 
2-5 
2- 6 
2- 7 
2- 8 
2-9 
2-10 
2-1 1 

X X 
X X 
X X 
X X 
X X 
X X 
X X 
X X 
X X 
X X 
X X 

7.9-9.9 A n 4  
19.4-21.5 A n - 5  
17.0-17.5 A n - 6  X 
17.5-18.0 A n - 6  X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 

1) CSM test for both moisture characterisic curves and unsaurated hydraulic conductivity curves. 

2) CSM = Colorado School of Mines. 
A'IT test was for moisture characteristic curves only. 

A'IT = Advanced Terra Testing. 
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CSM 

CSM 
CSM 
CSM 

X ATT 
X ATT 
X ATT 

CSM 
CSM 
CSM 

CSM 
CSM 
CSM 
CSM 
CSM 
CSM 
CSM 
CSM 
CSM 
CSM 
CSM 

X ATT 
X ATT 
X ATT 
X ATT 

31-06-93 
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TABLE 3 

VOLUME FRACTION OF LARGE FRAGMENTS FOR FIVE SOIL SAMPLES 
AT ROCKY FLATS PLANT RECHARGE SITES 

Bulk 
Borehole Sample W 1) 1 -w Density*) V,3) 

No. Designation (percent) (percent) (gm/cm3) (decimal) 

Site 1 
02393 ATT- 1 46.1 53.9 1.90 0.386 

A T -  2 48.0 52.0 1.85 0.363 

Site 2 
02993 ATT-4 47.8 52.2 1.49 0.294 

Am- 5 97.4 2.6 1.49 0.015 
A T -  G 96.7 3.3 1.48 0.018 

1) Weight fraction of the fine (minus 2-mm) portion of the sample. 
2) From Bruce-Klute test results. Particle density assumed to be 2.65 gm/cni3. 
3) Volume fraction of the coarse (plus 2-mm) portion of the sample. 

File: WCADJ. WK3 Status: 31-Oct-93 
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Based upon the above considerations, the A'IT, Inc. soil samples were sieved to separate the 

minus 2-mm fraction from the rest of the sample. Samples of material passing the #10 (2-mm) 

sieve were used for the moisture-characteristic curve and unsaturated hydraulic conductivity tests. 

2.2 SOIL PHYSICAL CHARACTERISTICS 

It is suspected that sample compaction may have occurred during drive sampling, which may 

have increased the in-situ soil moisture and decreased the hydraulic conductivity. In a similar 

manner, moisture-characteristic curvedunsaturated hydraulic conductivity curves may well be 

altered, due to compaction of the samples collected with the drive sampler. 

2.2.1 Moisture Content and Grain-Size Distribution 0 
Soil-moisture contents of each sample were the first analyses to be run by the respective 

laboratories, because they were needed to calibrate the hydroprobe. Table 4 summarizes soil- 

moisture contents in percent by volume by sample. Complete grain-size analyses (other than to 

separate the minus 2-mm fraction) were not included in the tests on the five samples analyzed 

by ATT, Inc. To date, grain-size analyses results have not been received for 18 of the 20 

samples being analyzed by the USGSKSM laboratory; thus, they could not be evaluated in time 

to be included in this Interim Report. Additional discussion and analysis will be provided upon 

receipt of the remaining geotechnical laboratory data, as well as a summary of grain-size 

distribution by sample to be presented as Table 5. 

2.2.2 Moisture-Characteristic Curves 

Soil-moisture contents of disturbed soil samples associated with various matric potentials define 

a unique moisture-characteristic curve for each soil sample. The methods used to obtain these a 
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TABLE 4 

SUMMARY OF SOIL-MOISTURE CONTENTS BY SAMPLE 

Sample 
Interval Laboratory 
(ft below Moisture 
ground Sample Content 

Borehole surface) Number Laboratow') (% Vol.) 

Site 1 

02393 

02293 

02393 

- 

02493 

02393 

02693 

02993 

2.0-4.0 1-1 

2.9-3.4 1-2 

3.9-4.4 1-3 
5.4-5.9 1-4 
9.4-9.9 1-5 

4.9-5.4 1-6 
5.9-6.4 1-7 
8.9-9.4 1-8 

2.0-4.0 AlT-1 
4.4-4.9 ATT-2 
4.9-5.4 ATT-2 

8.4-8.9 ATT-3 

1.0-1.5 2-1 
4.5-4.9 2-2 

11.4-11.9 2-3 
13.4-13.9 2-4 
14.4-14.9 2-5 
16.5-17.0 2-6 
18.4-18.9 2-7 
21.6-22.1 2-8 
22.9-23.4 2-9 

7.9-9.9 2-10 
19.4-21.5 2-11 

7.9-9.9 ATT-4 
19.4-21.5 ATT-5 
17.0-17.5 AlT-6 
17.5-18.0 ATT-6 

CSM 

CSM 

CSM 
CSM 
CSM 

CSM 
CSM 
CSM 

AlT 
AIT 
ATT 

CSM 
CSM 
CSM 
CSM 
CSM 
CSM 
CSM 
CSM 
CSM 
CSM 
CSM 

ATT 
ATT 
ATT 
ATT 

Disturbed 

9.98 

13.71 
9.49 

19.81 

12.04 
6.02 

25.97 

Disturbed 
9.59 

13.03 

24.58 

31.18 
22.33 
7.72 

24.92 
27.13 
32.04 
34.85 

31.87 
Disturbed 
Disturbed 

Disturbed 
Disturbed 

35.95 
39.94 

1) CSM = Colorado School of Mines. ATT = Advanced Terra Testing. 

TABl53.WK3 29-00-93 
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TABLE 5 

SUMMARY OF GRAIN-SIZE DISTRIBUTION BY SAMPLE 

(TO BE PROVIDED IN NEXT INTERIM REPORT) 

measurements are outlined in ASTM procedures D2325 and D3152 (ASTM, 1992). AS discussed 

in Section 2.2.1 above, results from these measurements are a reflection of the moisture content 

of the fraction of sample composed of fragments that pass the #10 (2-mm) sieve. 

Reinhart (1961) presents a procedure which adjusts the moisture contents obtained for the minus 

2-mm fraction to that of the total sample. Given the weight fraction of the minus 2-mm fraction, 

W, then the volume fraction of large fragments, V,, is given by 

a 
vr = -(l-w) p b  (1) 

p, 

where: = the dry bulk density (gm/cm3) of the total sample, and 

ps = the density of the large fragments (gm/cm3). 

With values of V,, the volumetric moisture content based upon the total sample voiume, ob, may 

be calculated from 

where: 8, = the volumetric moisture content of the minus 2-mm fraction (cm3/cm3). 
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Values of W and V, for bulk densities near those found for the samples in the field are given in 

Table 3. Values of V, were calculated using the large fragment density of ps = 2.65 gm/cm3. 

This value is assumed typical of the large fragments in the soil at the RFP and has been 

previously used there by Fedors and Warner (1993). 

0 ROCKY FLATS PLANT 

- 

Values of W were taken from the gradation analyses of the five soil samples done by A n ,  Inc. 

The corrected moisture-characteristic curves are given in Appendix C. A discussion of the 

moisture-characteristic curve data is presented in Section 4.1.1. 

2.2.3 Unsaturated- Saturated Hydraulic Conductivity 

Extensive review of the literature by mute and others (1972) and Klute and Dirksen (1984) have 

identified that, as yet, there are no standard measurement techniques for determining unsaturated 

hydraulic conductivities in soils. Specification of such standard techniques may remain elusive 

because no single set of techniques may be satisfactory for the large variety of available porous 

media of interest. 

a 

Again, problems associated with the presence of large fragments in some of the five soil samples 

analyzed during this study, and their effect upon unsaturated hydraulic conductivity, should be 

addressed. Mehuys and others (1975) found that if the unsaturated hydraulic conductivity is 

expressed as a function of capillary pressure, values of conductivity are primarily dependent on 

the minus 2-mm fraction alone. When unsaturated hydraulic conductivity is expressed as a 

function of volumetric moisture content, as  in the case of this study, it is necessary and 

satisfactory to adjust for the volume of large fragments as outlined in equations (1) and (2) 

(Section 2.2.2). Bouwer and Rice (1983) reported similar findings concerning the effects of 

boulders on unsaturated hydraulic conductivities. 
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The laboratory measurement techniques used in this study by ATT, Inc. involved measuring the 

hydraulic diffusivity function of the minus 2-mm fraction, and subsequent calculation (by ASI) 

of unsaturated hydraulic conductivities using the diffusivity function and moisture-characteristic 

curve for each soil. Advantages of this technique include the relative simplicity and rapidity with 

which the tests can be conducted. 

Combination of the one-dimensional Darcy flux equation for horizontal flow with a volumetric 

balance for soil moisture, and the assumption that a unique relationship between moisture content 

and capillary pressure exists for the soil samples, results in 

- 
In equation (3), K represents the hydraulic conductivity, h, is the capillary pressure head, and D 
is the hydraulic diffusivity. Hydraulic diffusivity is related to hydraulic conductivity by the 

relationship 

D = 42) (4) 

Bruce and Klute (1956) solved equation (3) for hydraulic diffusivity using the Boltzmann 

transform, B = xf1'2. This equation assumes that the initial and infiltration boundary moisture 

contents, 9, and e,, respectively, were constant. Integration of equation (3) under the above 

conditions yields 
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where: D ( e / )  is the diffusivity at moisture content 8’. 

The experimental methods of Bruce and Klute (1956) were used in this study to measure the 

hydraulic diffusivity (Appendix C). Unsaturated hydraulic conductivity of the soil samples was 

calculated using a finite-difference form of equation (4) and the data obtained for the moisture- 

characteristic curves described in Section 2.2.2. Soil-moisture contents obtained for the minus 

2-mm fraction in the soil samples were adjusted using equation (2) with values of V, from 

Table 3. These results will be compared to the USGSKSM laboratory unsaturated hydraulic 

conductivity tests results once they are completed. Table 6 (to be provided) will present a 
summary of saturatedhnsaturated hydraulic conductivity tests by sample. @ 

TABLE 6 

SUMMARY OF SATURATEDAJNSATURATED HYDRAULIC CONDUCTIVITY TESTS 

(TO BE PROVIDED IN NEXT INTERIM REPORT) 
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3.0 FIELD INSTRUMENTATION AND DATA COLLECTION 

3.1 TENSIOMETERS 

Porous-cup tensiometers were installed and are being used at both monitoring locations (Sites 1 

and 2) in an effort to characterize soil capillary-pressure profiles due to infiltration, percolation, 

and subsequent evapotranspiration of water from subsurface depths of approximately 6 to 36 

inches. Four tensiometers were installed at varying depths at Site 1 (Figure 2) and five were 

installed at varying depths at Site 2 (Figure 4). 

3.1.1 Description 

A tensiometer consists of a porous cup, generally of ceramic material, connected through a tube 

to a manometer. Figure 6 is a diagram of the tensiometer used for this study. All parts are filled 

with water. When the cup is placed in the soil where the suction measurement is to be made, 

the bulk water inside the cup comes into hydraulic contact with soil water through the pores in 

the ceramic walls. The bulk water and the soil water tend to equilibrate. When initially placed 

in the soil, the water contained in the tensiometer is generally at atmospheric pressure. Soil 

water, being generally at less-than-atmospheric pressure, exercises a suction which draws out a 

certain amount of water from the rigid airtight tensiometer. This causes a drop in hydrostatic 

pressure. This pressure is indicated by the manometer which is a vacuum gauge in this case 

(Hillel, 1980). 

A tensiometer tends to follow the changes in the matric suction of soil water. As soil moisture 

is depleted by drainage or plant uptake, or as it is replenished by rainfall or irrigation, 

corresponding changes in readings on the tensiometer gauge occur (Hillel, 1980). 
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Suction measurements by tensiometry are generally limited to matric suction values of below 

1 atm (1.01 bar). This is due to the fact that the vacuum gauge or manometer measures a partial 

vacuum relative to the external atmospheric pressure, as well as to the general failure of water 

columns in macroscopic systems to withstand tensions exceeding 1 bar. Furthermore, as the 

ceramic material is generally made of the most permeable and porous material possible, too high 

a suction may cause air entry into the cup, which would equalize the internal pressure to the 

atmospheric. Under such conditions, soil suction will continue to increase even though the 

tensiometer fails to show it. In practice, the useful limit of most tensiometers is at about 0.8 bar 

of maximum suction. Though the suction range of 0 to 0.8 bar is but a small part of the total 

range of suction variation encountered in the field, it generally encompasses the greater part of 

the soil-wetness range (Hillel, 1980). The maximum measurable values of soil suction using the 

tensiometers installed at Sites 1 and 2 are approximately 60 centibars (cb). Soil-suction values 

greater than 60 cb, although reflecting lower moisture contents, may not be accurate, because 

some of the pores in the ceramic porous cup may have reached their air-entry pressure limit. The 

use of several tensiometers at different depths can indicate the amount of water needed in 

irrigation, and that can also allow calculation of the hydraulic gradients in the soil profile (Hillel, 

1980). 

Air diffusion through the porous cup into the vacuum gauging system requires frequent purging 

with de-aired water. Tensiometers also are sensitive to temperature gradients between their 

various parts. Hence, the above-ground parts should preferably be shielded from direct exposure 

to the sun. When installing the tensiometer, it is important that good contact be made between 

the cup and the soil so that equilibration is not hindered by contact-zone impedance to flow 

(Hillel, 1980). 

The tensiometers used for this study were Soilmoisture Equipment Corp.’~ (1985) Model 2725A 

Jet Fill Tensiometer (Figure 6). Figure 6 is a detailed illustration of the Model 2725A. e 
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Originally, five tensiometers were installed at each site at depths of 6 inches, 12 inches, 18 

inches, 24 inches, and 36 inches below ground surface. However, the 36-inch tensiometer at Site 

1 was removed after installation, because it was not functioning properly. The geometry of the 

tensiometer installations at Sites 1 and 2 are presented on Figures 2 and 4, respectively. 

3.1.2 Tensiometer Assembly 

All of the tensiometers used in this study were assembled and primed according to the 

manufacturer’s operating instructions. A copy of the Model 2725A Jet Fill Tensiometer 

Operating Instructions is provided in Appendix B- 1. 

3.1.3 Field Installation 0 
Tensiometers were installed at both Sites 1 and 2 in boreholes advanced with an all-terrain 

vehicle (Scorpion) rig equipped with a Staniey sinker drill. The Stanley sinker drill is 

hydraulically powered from the vehicle’s power take-off. Probe rods measuring 1-inch outside 

diameter were hydraulically advanced to varying depths ranging from 6 to 36 inches, 

corresponding to the varying lengths of the tensiometers to be installed. This process produces 

no cuttings. The probe rod then was removed, leaving the open boring. A slurry of 200-mesh 

silica flour and water was then poured into the boring to a level above the porous cup to ensure 

good contact between the cup and the surrounding soil, followed by the placement of the 

appropriately sized tensiometer. A concrete collar was installed around each tensiometer from 

a depth of approximately 4 to 6 inches below ground surface to approximately 2 inches above 

ground surface. The collar was installed to deter surface water seepage into the soil immediately 

adjacent to the tensiometer (i.e., to prevent surface water from channelling down the side of the 

tensiometer in the borehole) (Figure 7). Figures 8 and 9 show the tensiometer installation depths 

at  Sites 1 and 2, respectively. 0 
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3.2 HYDROPROBE 

A soil-moisture gauge, commonly known as a hydroprobe, is being used to detect and measure 

soil-moisture profiles within the two monitoring sites associated with this study. Hydroprobe 

access tubes were installed in boreholes drilled and sampled specifically for this study. 

3.2.1 Hydroprobe Theory 

A hydroprobe uses the principle of neutron moderation, or slowing, to measure water content in 

soils. Hydroprobes contain a radioactive source, commonly americiumheryllium, which emits 

high-energy (fast) neutrons, and a detector that senses thermal (slow) neutrons. Through 

collisions with atoms in the soil, the high-energy neutrons are thermalized (slowed). 

The volume of soil sampled by the hydroprobe, sometimes known as the zone of thermalization, 

has been reported as a sphere with a radius of 5.9 to 7.1 inches by Shirazi and Isobe (19761, 

2.95 inches in wet soils to 9.8 inches in dry soils by van Bavel (1956), and approximately 6 

inches by CPN Corporation (Pers. Cornmun., 1991). The zone of thermalization also varies with 

the size of the source. It requires an average of 17 collisions with a hydrogen atom for a neutron 

to become thermalized, compared to an average of 136 collisions with an oxygen atom (Stone, 

1990). Seventy percent of the slowing is due to collisions with hydrogen atoms, 10 percent is 

due to collisions with oxygen atoms, and 20 percent is due to collisions with other atoms 

(Dickey, 1990a). Because the primary source of hydrogen atoms in soil is in water molecules, 

a relationship can be derived between water content and thermalized neutrons. This relationship 

is usually linear for moisture contents commonly encountered in soils. 
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3.2.2 Description 

The hydroprobe used in this study is a 503 DR Hydroprobe manufactured by CPN Corporation. 

It contains a 50 milli-Curie Americium-241/Beryllium source (CPN Corporation, 1985). A 
summary description of the 503 DR Hydroprobe is given in Appendix B-2. 

3.2.3 Standard Count 

The standard count is the most important test to judge whether the electronics and other 

components of the hydroprobe are functioning properly (Dickey, 1990a). The standard count is 

the average of a series of neutron counts taken under a standard set of conditions. These 
readings are checked for normality using a chi-squared test to verify that noise is not influencing 

the count. A standard count is also compared to the previous standard count to evaluate whether 

or not the probe is functioning correctly. If the probe is functioning properly, the difference 

between the two standard counts should fall within 0.707 times the square root of their average 

value 95 percent of the time (CPN Corporation, 1985). 

The 503 DR Hydroprobe takes 32 counts (each count is 8 seconds long) and displays the chi- 

squared ratio to check for normality. This value should fall between 0.75 and 1.25, 95 percent 

of the time for 31 degrees of freedom (CPN Corporation, 1985). However, even if the probe is 
functioning correctly, the chi-squared ratio would tend to fall outside this range approximately 

5 percent of the time. CPN recommends that the standard count be taken for hydrogen in the 

paraffin shield that surrounds the probe when it is in the retracted position inside the carrying 

case. Because the shield is not 100 percent effective, the standard count is subject to surrounding 

conditions, such as surface moisture on nearby objects. Therefore, this method requires standard 

counts be taken under identical conditions. Dickey (1990a) recommends that standard counts be 

taken 3 to 6 f t  above the ground in access-tube material identical to that used in the field (ASI, e 
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1993b). Because this method was not practical for this study and because it is believed to expose 

the worker to excessive amounts of radiation, the paraffin-shield method was used. 

Two primary sources of error from estimating soil-moisture content with hydroprobes are: the 

calibration, and the decay of the radioactive source in the probe. The calibration component is 

the largest individual source of error (Haverkamp and others, 1984). Calibration accuracy can 

be improved by plotting the data and then eliminating the outlying points before applying 

regression techniques (Dickey, 1990a). 

Hydroprobes sample a spherical volume of soil; whereas, point soil samples (taken at the time 

of access-tube drilling) represent a much smaller volume and are used to construct a calibration 

curve. Outliers may be due to point samples not being representative of the moisture content of 

the volume sampled by the hydroprobe. Dickey (199Oa) reported significant improvements in 

correlation coefficients by using average moisture contents from an interval as opposed to point 

samples taken from the same depth as the neutron reading. 

Because radioactive decay is a random process, some degree of uncertainty is attached to the 

moisture readings obtained using hydroprobes. This uncertainty can be reduced by using longer 

count times or taking multiple readings at each point (Haverkamp and others, 1984). The 

distribution of repeated neutron counts taken at a point may be approximated by a normal 

distribution for a large population (CPN Corporation, 1985). Therefore, normal statistical 

methods may be used to quantify the uncertainty associated with moisture readings. 

3.2.4 Access-Tube Installation 

Hydroprobe access tubes were installed in six boreholes at each of Sites 1 and 2 (Figures 2 and 

4, respectively). Boreholes for the hydroprobe access tubes were drilled using a 4-inch solid @ 
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stem auger. The auger stem was removed from the hole at approximately 24-inch intervals so 
that soil samples could be extracted using a standard 140-pound slide-hammer sampling system. 

Two-inch diameter, 6-inch long samples were taken at the designated intervals in brass liners. 

Samples were immediately scanned for radioactivity and organic vapors, capped after removal, 

and temporarily stored in a shaded area to minimize moisture loss. At the end of each day of 

field work, samples were stored in a connex at the RFP until they could be transported to a 

humidity room. Samples were stored on their sides to minimize redistribution of moisture due 

to gravity. 

The hydroprobe access-tube materials used at Site 1 were 3.5-inch outside-diameter (O.D.) 

threaded flush-joint schedule 40 PVC pipe with PVC drive points (02093, 02393, 02593, and 

02693) and 3.5-inch O.D. aluminum pipe with PVC drive points (02293 and 02493). At Site 2, 

2.9-inch O.D. PVC casing was used in Boreholes 02793 through 03193, and 3.5-inch O.D. PVC 

casing was used in Borehole 03293. Upon completion of the hole, the assembled casing was 

inserted into the hole and capped. Any depressions or void spaces surrounding the top of the 

access tube were filled with compacted soil to minimize channeling or ponding of water in the 

depressions. Concrete collars were installed at ground surface around each hydroprobe access 

tube to minimize damage from other RFP activities and to deter surface-water seepage into the 

soil around the access tube. Table 7 provides a summary of completion information for all 

hydroprobe access tubes. Figures 10 and 11 show the completion of the hydroprobe access-tube 

boreholes at Sites 1 and 2, respectively. As shown on Figures 10a and 10b and Table 7, no 

ground water was encountered at Site 1 during drilling. At Site 2, ground water was encountered 

in Boreholes 02993, 03093, 03193, and 03293 (Figures l l a  and l l b  and Table 7). Adjacent 

alluvial wells (Figures 1 through 5) provide historical and recent water-level data for assessing 

the seasonal changes in ground-water levels at both Sites 1 and 2. 

0 
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TABLE 7 

HYDROPROBE ACCESS-TUBE COMPLETION SUMMARY 

Total 
Depth Bedrock Access Tube Ground-Water Access Tube 

Sampled Depth Depth Depth Stickup 
(ft above (ft below (ft below (ft below (ft below 

ground ground ground ground AccessTube ground 
Borehole surface)') surface) surface) surface)2) Material') surface) 

02093 8.0 7.4-7.9 -7.2 A . 0  PVC 1 .o 

02 193 6.0 Borehole abandoned due to excessive cobbles and rocks. 

02293 8.7 7.7-8.2 -7.9 93.7 aluminum 2.1 

02393 10.0 8.9-9.4 -8.0 >11.0 PVC 1 .o 
1 1.0 (sump) 

02493 9.5 8.4-8.9 -9.6 A0.5 aluminum 0.4 
(10.5) 

02593 11.0 7.9-8.4 -8.3 >11.0 PVC 1 .o 

02693 9.0 7.9-8.4 -9.2 >9.2 PVC 0.9 

02793 31.0 29.9 >31.4 >31.4 PVC 1 .o 

02893 30.8 30.3 -23.0 >30.8 PVC 1 .o 
02993 30.9 30.4 >31.4 29.15 PVC 1 .o 

03093 30.9 29.4 -28.8 28.55 PVC 1 .o 

03193 31.9 30.9 -30.0 30.00 PVC 1 .o 

03293 31.9 31.4 -31.9 29.40 PVC 1 .o 

1) Numbers in parentheses indicate total depth sampled. Boreholes were drilled from 1.5 to 2.0 feet 

2) Static water level at the time of drilling. 
3) PVC = polyvinyl chloride 

deeper than this depth to accommodate sluff from cave-in. 

TABLE=].WK3 31-Oa-93 



Document No.: 
Revision No.: 0 Interim Report 

Ground-Water Recharge Study Page: 29 of 65 
Effective Date: October 31,1993 
Organization: Environmental Management 

0 ROCKY FLATS PLANT 

3.2.5 Hydroprobe-Calibration Procedure 

The hydroprobe was calibrated by following, as closely as possible, the method of the Soil 
Conservation Service (Dickey, 1990b). The hydroprobe cable was pre-marked at locations that 

would place the neutron source and detector within each sample interval. The operating manual 

provides information on the location of the neutron source and detector with respect to the 

bottom of the probe. A standard count was taken according to manufacturer’s specifications and 

checked for accuracy using the previously mentioned tests. 

The hydroprobe case was placed on top of the access tube and the probe lowered down the tube 

to each sampling interval. A 32-second count was taken at each interval to be used later for 

calibration. The deepest measurement was taken at least 2 ft above the bottom of the access 

tube, because the hydrogen in the solid PVC drive point would cause high and inaccurate 

moisture readings. 

@ 

Soil-moisture content of the samples was analyzed in the laboratory. Average soil-moisture 

contents were plotted against initial count ratios, and a least-squares linear regression was used 

to determine the y intercept, slope, and the coefficient of determination (R2). Outliers then were 

eliminated using engineering judgement, and the regression was performed again. 

3.2.6 Calibration Results 

Three separate calibrations had to be performed due to variations in casing size and/or material. 

Casing material such as PVC contains hydrogen and chlorine which both affect count ratios. 

Similarly, differing annulus sizes. resulting from differing casing sizes affect count ratios. Thus, 

separate calibration curves must be constructed for each variation in access-tube completion. 

Separate calibrations must also be run if differing lithology is encountered. Calibration data were @ 
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analyzed as a single calibration for the following groups of boreholes based on casing 

differences: 

Site 1: 02093 (3.5-in. O.D. PVC Casing) 
02393 
02593 
02693 

Site 1: 

Site 2: 

02293 
02493 

02793 
02893 
02993 
03093 
03193 
03293 

(3.5-in. O.D. aluminum casing) 

(2.9-in. O.D. PVC casing) 

The lithology underlying both sites was generally consistent from hole to hole; thus, lithology 

was not a factor in grouping the boreholes for the purposes of hydroprobe calibration. Samples 

were analyzed from Boreholes 02393 and 02693, and the resulting moisture contents were used 

to construct a calibration curve for the boreholes with 3.5411 O.D. PVC access tubes at Site 1. 

Samples from each of the aluminum cased access tubes at Site 1 (Boreholes 02293 and 02493) 

were used to construct this group’s calibration curve. Samples analyzed from Borehole 02993 

were used for the calibration of all Site 2 access tubes, though the casing size of Borehole 03293 

was different. This was due to a limit on the number of samples that could be analyzed and 

because the difference in the size of casing did not appear to be reflected in the field counts. 

Soil-moisture content and corresponding neutron counts for the three calibrations are presented 

in Appendix D (Tables D-1 through D-4), for the resulting calibration curves with outliers, and 

with the outliers removed, (Figures D-1 through D-4, respectively). The shaded regression 

statistics are the calibrations (with outliers removed for Site 1 - PVC casing and Site 2 - PVC 
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3.3 METEOROLOGICAL DATA 

Naturally-occurring precipitation, augmented with artificial precipitation, is the source of potential 

infiltration and percolation at the two recharge monitoring sites associated with this study. 

Meteorological data was acquired from the FWP meteorological station in the West Buffer Zone, 

approximately 1.5 miles west of the recharge sites. Data collected at the West Buffer Zone 

meteorological station include solar radiation, wind speed, maximum temperature, minimum 

temperature, relative humidity (or wet-bulb temperature), and barometric pressure. 

In addition to the data collected from the RFP meteorological station, eight storage rain gauges 
have been placed at Site 1 and seven have been placed at Site 2 to obtain site-specific 

precipitation data. These rain gauges were placed at numerous locations at each site, not only 

to collect naturally-occurring precipitation data, but also to measure the evenness of coverage of 

artificial precipitation applied in the form of sprinkled water as described in Section 3.3.1.1. 

Precipitation data collected at the two meteorological stations will be used for fill-in and 

comparison purposes. 

Artificial precipitation in the form of sprinkled water was applied at both sites in an effort to 

simulate recharge that might occur over a longer period from natural precipitation. This was 

necessary, due to the short period of time available for the study relative to the time needed to 

study recharge associated with natural precipitation. A longer period of time is needed to study 

natural precipitation recharge because of the infrequency of natural precipitation events, 

particularly during the time of year in which this study is being performed. It was hoped that 0 
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a controlled precipitation simulation would result in an observable wetting front. In addition, 

known parameters such as amount of artificial precipitation and estimated parameters such as 

evapotranspiration would then be used to calculate recharge rates through the use of a water 

budget as discussed in Section 4. 

EG&G personnel sprinkled water twice at each of the two sites. Artificial precipitation was 

applied on August 4 to both Sites 1 and 2 with the goal of simulating an equivalent of 

approximately 1 inch of natural precipitation. Artificial precipitation was again applied during 

the week of September 20 through 25 with the goal of simulating an equivalent of 3 inches of 

natural precipitation. Soil-moisture measurement results associated with this precipitation 

simulation are presented in Section 3.4.2.2. 

3.4 MONITORING 
0 

3.4.1 Tensiometers 

The Project Management and Work Plan (ASI, 1993a) anticipated that soil moisture during much 

of the year would be less than the operating range of the tensiometers (0 to 60 cb). Tables 8 and 

9 are summaries of tensiometer readings taken at Sites 1 and 2, respectively, since their 

installation. Readings were taken as often as was practicable. 
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TABLE 8 

SUMMARY OF SITE 1 TENSIOMETER READINGS 

Sdl-Mohre Temiw" (cmtibm) rt a Depth d 
241 es 12 incheo -ea rich- Date Time 6 inches 

. .  
Re-Recharm 68 68 IO 62 

After 

After 
9 

9R0193 
9R1193 Daily Artificial Recip. 44 52 16 48 
9/22/93 34 38 I2 dry 
9i24I93 24 18 16 

2) Porous cup maximum tension is 60 centibars (&-entry pressure). 

3) "Dry" means the tensiometer apparatus appeared to be dry; however. it may still registex a tensioa 
4) Tensiometer reservoir was broken and subsequently replaced. 

Tensiometer readings greater than 60 wntibm indicate tensions pester 
than 60 centibars. but may not necessarily be m a t e .  
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TABLE 9 

SUMMARY OF SITE 2 TENSIOMETER READINGS 

47 3drY 72 78 62 8/4/93 Re-Artif. Precip. 
Artifkid Precip. 1-in& of water applied. .. 

8/13/93 0914 ndrv 79drv 68 57 54 

Y 

9/2/93 dw 62 68 62 

9/20/93 46 24 58 56 61 
91‘2 1193 11 11  26 51 57 

Daily Artificial Precip. 5 10 28 48 58 
9f22l93 8 11  20 38 51 

10 15 20 42 

2) Porous cup maximum tension is 60 centibars (air-entry pressure). 
Tensiometer readings greater than 60 centibars indicate tensions greater 
than 60 centibars, but may not necessarily be accurate. 

3) ”Dry“ means the tensiometer apparatus appeared to be dry; however, it may still register a tension. 

TABLE-P.WK3 
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3.4.1.1 Site 1 Tensiometers 

As can be seen from Table 8, the tensiometers at Site 1 were at potentials above the operating 

range of the tensiometers (or dry) over 80 percent of the time prior to September. This is not 

surprising, when considering the lack of natural precipitation in the month of August. This 

indicates that not much soil moisture is retained in the top 24 inches of soil at the site. Potentials 

within the operating range of the tensiometers were frequently recorded beginning in early 

September. This correlates to increased precipitation recorded in September resulting from both 

natural precipitation and the precipitation simulations discussed in Section 3.3. The frequent 

drying out of the tensiometers and the lack of response to the August 4, 1993 precipitation- 

simulation event raised initial doubts as to the reliability of the tensiometer data. The soil at both 

sites appears to be too dry and/or coarse to be effectively monitored by the tensiometers; 

however, their response in September and October is encouraging because they did not dry out 

as often. 

3.4.1.2 Site 2 Tensiometers 

Table 9 reveals that the tensiometers at Site 2 were also at potentials above the operating range 

of the tensiometers (or dry) a majority of the time in August. It appears that the soil suction was 

generally greater than the operating capacity of the tensiometers in all instances with the possible 

exceptions of the 24- and 36-inch tensiometers at Site 2. Like the tensiometers as Site 1, the Site 

2 tensiometers’ data appeared to be questionable in August, but showed more encouraging results 

in September and October because they did not dry out as often. 
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3.4.2 Hydroprobe 

3.4.2.1 Procedure 

No specific EG&G SOP exists for monitoring soil moisture using a hydroprobe. Accordingly, 

the following field procedure was followed to monitor soil moisture for this study: 

A standard count is taken in the paraffin shield which surrounds the probe when 

it is in the retracted position inside the carrying case. The standard count and chi- 

square ratio are checked and recorded. If the ground surface is wet, the 

monitoring is done without a standard count because the wet ground would result 

in higher standard count readings. 

The caps are removed, and when monitoring at Site 2, each access tube is checked 

for water accumulation at the bottom. The water table was not encountered at 

Site 1 during drilling and the monitoring wells in the area indicate the alluvium 

is dry; thus, water accumulation at the bottom of the access tubes at Site 1 is not 

a problem. 

The hydroprobe is placed on the top of the access tube and the probe is lowered 

to the first measurement interval (0.5 to 1.0 f t  depending on the height of the 

casing above ground surface). Readings are taken for 32 seconds at 0.5-ft 

intervals from 0.5 to 3.0 ft and 1.0-ft intervals from 3.0 f t  to approximately 2 ft 

above the solid PVC drive point or the water table, whichever is encountered first. 

The counting time interval determines the precision of the count. Correspondingly 

the longer the counting time, the fewer the number of measurements that can be 

made. Thus the 32-second time interval was selected as the minimum time that 
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would allow all data points to be measured on the same day and ensure sufficient 

precision. 

After each access tube is logged, the PVC cap is replaced on the access tube. 

After all logging is complete, the hydroprobe is returned to its designated storage 

area at the RFP. 

3.4.2.2 Soil-Moisture Measurement Results 

As of the date of this Final Interim Report (October 31, 1993), a minimum of 21 soil-moisture 

measurement surveys have been made at both Sites 1 and 2, or at least once per week since late 

July 1993. More frequent measurement surveys were taken immediately following significant 

precipitation events (greater than 0.2 inches) with the objective of detecting a wetting front. 

Some boreholes were surveyed a few extra times to assess whether a full survey of all boreholes 

would be beneficial. These soil-moisture measurement surveys are shown graphically on Figures 

12 through 17 for Site 1 and on Figures 18 through 23 for Site 2. In addition, time series of the 

soil-moisture measurement surveys at selected depths (for the July through October 1993 period) 

are presented on Figures 24 through 29 (Site 1) and on Figures 30 through 35 (Site 2). 

0 

The shapes of the soil-moisture profiles were generally consistent over time for an individual 

borehole, but varied somewhat from borehole to borehole. It is hypothesized that this variation 

occurs because the shape of the soil-moisture profile is not only dependant on moisture variations 

with depth, but is also influenced to a certain degree by non-uniformities in the surrounding soils. 

Non-uniformities may be in the form of varying lithologies or may have resulted from differential 

compaction and void spaces caused by the auger drilling of the access tubes, especially in 

cobblely soils characteristic of those encountered in this study area. 0 
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3.4.2.2.1 Site-1 Soil-Moisture Conditions 

Boreholes at Site 1 were surveyed 22 times, with the exception of Borehole 02093 which was 

surveyed 23 times, beginning in late July 1993. Results of these measurements are summarized 

in Tables 10 and 11. Soil-moisture measurements versus depth were plotted and are represented 

as soil-moisture profiles on Figures 12 through 17. 

The soil-moisture measurements corresponding to depths of 0.5 and 1.0 ft for Borehole 02093 

and 1.2 and 1.7 f t  for Borehole 02493 are higher than those of the other four boreholes at Site 1. 

The cause of these two anomalies presently is unknown. Possible explanations include non- 

uniformities of borehole diameter and disturbance of natural compaction (as discussed above), 

leading to possible errors in hydroprobe readings. In addition, readings above a depth of 

approximately 0.75 ft below ground surface are frequently questionable because of loss of 

neutrons to the atmosphere. 

Surveys at Site 1 were generally consistent below 1.0 ft for the monitoring period of July 26 to 

August 25, 1993 represented on Figures 12 through 17 (a and b series). A range of soil moisture 

could be seen above the 1.0-ft depth in Boreholes 02293, 02393, and 02593. Moisture content 

was generally greater for the measurements made on August 4 and 5, 1993. This is to be 

expected because the ground surface was wet from the precipitation simulation conducted on 

August 4, 1993. The soil-moisture profiles show a drying trend at ground surface, as would be 

expected with no additional precipitation. 

Figures 12 through 17 (c and d series) show moisture profiles for the September 2 through 

October 22, 1993 monitoring period. This encompasses two significant natural precipitation 
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TABLE 10 

SUMMARY OF SITE 1 SOIL-MOISTURE MEASUREMENTS 
BOREHOLES 02093,02293, AND 02393 
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TABLE 11 

SUMMARY OF SITE 1 SOIL-MOISTURE MEASUREMENTS 
BOREHOLES 02493,02593, AND 02693 
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events occurring on September 7 and 13, 1993, and the second precipitation simulation conducted 

during the week of September 20 through 24, 1993. Again, the profiles were generally consistent 

below 1.0 ft, with the exception of an anomalous point on the profile of Borehole 02493. Based 

on the fact that this outlier is a single data point, this anomaly is judged to be the result of 

hydroprobe operator error and not from movements of a wetting front. The soil-moisture profile 

surveyed on October 8, 1993 for Borehole 02493 was not presented on Figure 15d. This profile 

appeared to be erroneously out of phase, probably due to a data-reduction error. A single outlier 

data point was deleted from the September 15 profile of Borehole 02593 because it was also an 

obvious error (see Table 11). As expected, the highest soil-moisture readings above 1.0 ft 

occurred immediately following the September 20 through 24 precipitation simulation. A drying 

trend was then observed through October 22, 1993, the last survey conducted for this Interim 

Report. Evidence of a wetting front was not noted on any of the profiles, with the possible 

exception of the profile of the soil-moisture measured on October 20, 1993 at Borehole 02393 

(Figure 14d). The increased soil-moisture content between 1.0 and 2.0 ft below ground surhce 

may be the result of a wetting front. However, it did not appear to move below the 2.0-1'1 dcpth. 

Figures 24 through 29 show soil-moisture content versus time (soil-moisture time series) at  0.5 

ft, 1.0 ft, and 5.5 f t  below ground surface for Site 1. Increases in soil moisture ranging I'rom 

approximately 4 to 10 percent can be seen at 0.5 ft below ground surface in Boreholes 02293, 

02393, and 02593 from August 3 (pre-artificial precipitation) to August 4, 1993 (post-artificial 

precipitation). These soil-moisture contents diminish with time until the beginning of September, 

where all six boreholes show a response to the precipitation events that occurred in September. 

Soil-moisture at 0.5 ft  increased as much as approximately 13 percent. Increases in soil-moisture 

of as much as 7 percent were also noted at the 1.0 ft depth (Borehole 02293) in September. No 

other notable changes in soil-moisture content are observable at other depths or times. 
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3.4.2.2.2 Site-2 Soil-Moisture Conditions 

The six Boreholes at Site 2 were surveyed a total of 21 times. Results of these soil-moisture 

measurement surveys are summarized in Tables 12 through 17 and shown graphically on Figures 

18 through 23. The ranges of soil-moisture contents are not as obvious in the case of the soil- 

moisture profiles for Site 2 as those for Site 1, due to the increased vertical and horizontal scales 

of the profiles. Because of field-survey time constraints, surveys were not measured all the way 

to total depth each time at Site 2. An apparent wetting front would be detected in the first 10 

ft in the form of an anomalous pulse. Had a pulse been identified and subsequent measurements 

indicated moisture movement past the 10-ft depth, surveys would have been scheduled more 

frequently as this pulse proceeded to the water table or to bedrock, whichever was encountered 

first. However, surveys to total depth were taken at Site 2 at least once per week (11 of 21 

surveys during the reported monitoring period. 
0 

As discussed in Section 3.4.2.2, measurement results are generally consistent over time for each 

individual borehole at Site 2. Outliers such as those noted on Figures 19c, 20d, 21c, and 22d; 

and out-of-phase profiles such as those observed on Figures 19a, 22c, and 23b, are judged L o  be 

the result of field measurement and/or data-reduction errors, and not the result of a pulse moving 

downward. 

All of the Site 2 soil-moisture profiles indicate an approximate increase in moisture content of 

from 20 to 25 percent at approximately 12.5 ft below ground surface. This increase in moisture 

content correlates with a dramatic change in lithology from a relatively dry sandy gravel with 

some clay, to a relatively moist clayey sand that was noted during drilling. Another zone of 

relatively dry sandy gravel was encountered at approximately 25 ft below ground surface. The 
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TABLE 12 

SUMMARY OF SITE 2 SOIL-MOISTURE MEASUREMENTS 

BOREHOLE 02793 
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TABLE 13 

SUMMARY OF SITE 2 SOIL-MOISTURE MEASUREMENTS 

BOREHOLE 02893 
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TABLE 14 

SUMMARY OF SITE 2 SOIL-MOISTURE MEASUREMENTS 

- 
BOREHOLE 02993 
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TABLE 15 

SUMMARY OF SITE 2 SOIL-MOISTURE MEASUREMENTS 

BOREHOLE 03093 

i I 3  
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TABLE 16 

SUMMARY OF SITE 2 SOIL-MOISTURE MEASUREMENTS 

BOREHOLE 03193 
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TABLE 17 

SUMMARY OF SITE 2 SOIL-MOISTURE MEASUREMENTS 

BOREHOLE 03293 
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soil-moisture profiles for Boreholes 02793, 02993, 03093, and 03293 show a decrease in soil 

moisture at this depth, revealing the effects of this change in lithology. The water table, noted 

during drilling at a depth of approximately 27 ft below ground surface, can be discerned from 

the soil-moisture profiles of Boreholes 02793, 03093, and 03193 by a sharp increase in soil- 

moisture contents at between 25 and 27.5 ft below ground surface. 

Surveys at Site 2, like those of Site 1, were generally consistent below 1.0 ft for the monitoring 

period of July 26 to August 25 represented on Figures 18 through 23 (a and b series). A range 

of soil-moisture contents can be seen above 1.0 ft below ground surface. The same drying trend 

as noted at Site 1 can be seen at 0.5 ft for all boreholes, except Boreholes 03093 and 03293. 

Again, a wetting front is not distinguishable below 0.5 ft with the exception of Borehole 03293. 

The soil-moisture content at 1.0 ft on August 5 was slightly elevated, indicating that a wetting 

front iiiay have progressed this far downward. No pulses were noted past 1.0 ft on subsequent 

days’ surveys, indicating a greater evapotranspiration than percolation rate. 

0 

Soil-mois Lure surveys for the time period encompassing and following the precipitation events 

in Scpteniber are included on Figures 18 through 23 (c and d series). The expected responsc of 

soil-moisture to these precipitation events can be distinguished on Figures 18c, and 2Oc through 

226 (Boreholes 02793, 02993, and 03093, respectively), with the greatest soil-moisture 

immediately following the artificial precipitation event of September 20 through 24, 1993. 

Unfortunately, no distinguishable pulse could be traced below 1 .O ft following these natural and 

artificial precipitation events. 

Figures 30 through 35, show soil-moisture content versus time (soil-moisture time series) at 0.5, 

1.0, 5.5, 10.5, and 15.0 ft  below ground surface for Site 2. Boreholes 02793 through 03193 show 

rcmarkable increases in soil-moisture content at 0.5 ft from August 3 to August 4, 1993 resulting 

from the artificial precipitation of August 4, 1993. Boreholes 02793, 02993, and 03193 show @ 
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diminishing soil-moisture contents with time until the beginning of September when they increase 

again as a result of the precipitation events in September. Time series measurements at 0.5 ft 

all show a response to the September precipitation events, with the exception of Boreholes 02893 

and 03293 (Figures 3 1 and 35). These time series show an unexplained decrease in soil-moisture 

at this depth. The cause of this is decrease is unknown but may result from neutron loss to the 

atmosphere, as discussed previously in Section 3.4.2.2.1. Hence, time series measurements at the 

1.0-ft depth may be more reliable. All six boreholes’ measurements responded as expected, with 

increasing moisture content resulting from precipitation events in August and September, 1993. 

3.4.3 Meteorological 

Tables 18a and 18b present summaries of precipitation for Sites 1 and 2, respectively, I‘or the 

period August 3 through October 22, 1993 collected from on-site storing rain gages and the RFP 

meteorological station. Also included on Tables 18a and 18b are daily precipitation data from 

the RFP Meteorological Station. Precipitation data for August 4 and 5 and September 20 through 

24 represent artificial precipitation. The rain gauges were not emptied at Site 1 following the 

A ~ i p s t  4 simulation or at either site during the September 20 through 24 simulation. 

4.0 DATA INTERPRETATION AND ANALYSIS 

4.1 UNSATURATED SOIL HYDRAULIC PROPERTIES 

Unsaturated soil hydraulic properties for this Interim Report were determined for the limited 

number o f  saniples having data. Five soil samples [ATT-1 (Borehole 02393, 2.0-4.0 ft), ATT-2 

(Borehole 02393, 4.4-5.4 ft), ATT-4 (Borehole 02993, 7.9-9.9 ft), ATT-5 (Borehole 02993, 19.4- 
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TABLE 18a 

SUMMARY OF SITE-1 PRECIPITATION 
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TABLE 18b 

Precipitation (inches) Mcaslmd by Ram Gages at Lucatj, 
Date 02793 02893 02993 03093 03193 03293 12491 

I 

SUMMARY OF SITE-2 PRECIPITATION 
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21.5 ft), and ATT-6 (Borehole 02993, 17.0-18.0 ft) shown in Table 71 were submitted to Am, 

Inc. for selected laboratory tests including natural moisture content, moisture-characteristic curve 

determinations, and Bruce-Klute diffusivity tests. The methods used for the analyses of these test 

results were described in Sections 2.2.1, 2.2.2, and 2.2.3. Additionally, preliminary results for 

two soil samples [CSM Test (Borehole 02793, 14.4-14.9 ft) and CSM 1-2 (Borehole 02293, 2.9- 

3.4 ft) shown in Table 71 were available from the USGSKSM laboratory which determined 

moisture-characteristic and unsaturated hydraulic-conductivity curves for those two samples using 

a new procedure (Appendix C- 1). Results of these laboratory tests were analyzed and compared, 

to the extent possible, given the preliminary nature of the USGSKSM laboratory tests and the 

limited amount of data received to date. 

e One of'the goals of the unsaturated soil hydraulic-properties data analysis was to compare these 

properties as obtained from different laboratory test procedures and theoretical analyses. 

Moisture-characteristic curves obtained from ATT, Inc. using ASTM Procedure D2325 were 

corrccted for the coarse fraction (greater than 2-mm diameter) in the total sample and the 

laboratory data fitted to a van Genuchten function (van Genuchten and others, 19911, as dcscrihed 

in Section 2.2.2. R e ~ ~ i l l ~  of this analysis, along with the laboratory results of the Brucc-Klute 

diffusivity tests, were used to calculate the unsaturated hydraulic conductivity versus saturation 

curves using the analysis procedures discussed in Section 2.2.3. Moisture-characteristic curve 

data obtained from the USGYCSM laboratory analyses also were fitted to II van Gcnuchten 

function as described in Section 2.2.2. These results are compared to similar samples analyzed 

by A m ,  Inc. to assess the applicability of results using the two laboratory methods. Future 

Interim Reports for this study will more fully analyze and compare moisture-characteristic curves 

using the two laboratory methods (ASTM D2325 versus USGYCSM flow-pump method). 

Bccausc not all the USCSKSM samples have been tested in the laboratory, direct comparison 

of  similar soil samples from the same location in the same borehole is not possible in this Interim 

@ Report. 
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Additionally, resulting unsaturated hydraulic-conductivity curves from the Bruce-Klute diffusivity 

tests and the USGS/CSM flow-pump tests are compared to the extent possible. Direct 

comparison of laboratory results for similar soil samples in the same borehole are not possible 

at this time because not all USGYCSM laboratory tests are completed. Unsaturated hydraulic 

conductivity curves from laboratory tests also are compared to theoretical curves calculated using 

van Genuchten functions as described in Section 2.2.3. 

4.1.1 Moisture-Characteristic Curves 

Moisture-characteristic data for the five soil samples tested by ATT, Inc. are presented in 

Appendix C-3. Soil-moisture contents were determined for matric potential values of 0, -0.3, - 

0.5, -1.0, -2.0, and -4.0 bars using the minus 2-mm fraction of the samples for both a primary 

and replicate sample. Table C-3 in Appendix C-3 is a summary of the results of the ATT, Inc. 

laboratory tests for both the primary and replicate samples. Because the pressure-plate moisture 

content of the samples appeared to be high at saturation (matric potential of 0 bars), the moisture- 

characteristic data for the five A m ,  Inc. samples and their replicates were adjusted as shown in 

Table C-3 Lo coincide with the Bruce-Klute moisture data (Appendix C). As indicated in Section 

2.2.2, the moisture-characteristic curves were also adjusted to reflect the presence of coarse 

fragments (greater than 2-mm in diameter) using the data shown in Table 3). For all three data 

sets for each sample (original pressure-plate data, Bruce-Klute test adjustment, and coarse li-ac tion 

adjustment), van Genuchten functions were fit. Figures 36 through 40 show plots of the original 

data and van Genuchten fits for the moisture-characteristic curves for the five soil samples and 

five replicates tested by A T ,  Inc. Analysis of these figures indicates that the adjustments made 

to  the moisture-characteristic curves still preserved the general shape of the curves, but with 

reduced volumetric moisture content for a given value of matric potential. In this way, the use 

of these curves in calculating unsaturated hydraulic conductivity using the Bruce-Klute diffusivity 

data would be valid, For samples ATT-1, ATT-2, and ATT-4, the adjustment for coarse 

e 

@ 
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fragmen ts was relatively large because these samples contained over 50 percent coarse fragnients 

(greater than 2-mm as indicated in Table 3). The corrections for samples ATT-5 and ATT-6 

were smaller, because over 95 percent of the weight of these two samples were less than 2-nim 

diameter material (Table 3). The fitted values of the van Genuchten parameters (a ,  n, and m), 

along with the goodness of fit, represented by the coefficient of determination (R2>, are also 

shown on Figures 36 through 40. 

The moisture-characteristic data for the two soil samples tested by the USGS/CSM laboratory 

(CSM Test and CSM 1-2) are summarized in Tables C-4 and C-5 (Appendix C-4). These data 

were not adjusted for the coarse fraction, because this fraction was not removed prior to running 

the laboratory tests. van Gcnuchten functions were fit to the data for these two samples as shown 

on Figures 41 and 42. The CSM Test sample (Borehole 02793, 14.4-14.9 ft) fit was easily done 

using the available data (Figure 41). The van Genuchten fit to sample CSM 1-2 (Figure 42) was 

more difficult, because the moisture-characteristic curve data decreased to a matric potential of 

approximately -300 cm of water and then increased with decreasing volumetric moisture content. 

One l i t  to the complete data set (Figure 42) resulted in poor values of the van Genuchten 

parmeters (solid line on Figure 42). A second fit using only the decreasing data resulted in an 

acceptable fi t  (dashed line on Figure 42) to the moisture-characteristic curve data. However, 

because the moisture-characteristic curve data from this sample may be incomplete (H. W. Olsen, 

USGS/CSM, Pers. Comm., October 25, 1993), the van Genuchten fit to these data should be used 

with extreme caution. 

Because neither the CSM Test nor CSM 1-2 samples tested using the USGS/CSM procedure are 

exactly comparable to samples tested by AI", Inc. using a standard pressure-plate test (ASTM 

D2325), it is difficult to compare the two laboratory methods directly. Future USGS/CSM tests 

will be comparable to the ATT, Inc. tests already completed. A preliminary comparison of the a 
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results of the two methods are possible using both visual criteria and the parameter values from 

the van Genuchten fits to the data. 

Sample CSM 1-2 (Borehole 02293, 2.9-3.4 ft) is most closely associated with similar soils in 

sample A n - 1  (Borehole 02393, 2.0-4.0 ft) (Figures 10a and lob). Until more USGSICSM data 

are available, this preliminary comparison will be made. Comparison of the shape of the van 

Genuchten fit to these two samples is shown on Figure 43 along with the van Genuchten 

parameters ( a ,  n, and m). From Figure 43, it appears that the USGSKSM data have not yet 

reached a moisture content which will lower the matric potential to less than -300 cm of water. 

Therefore, any conclusions about the comparability of the CSM 1-2 sample results to the A m - 1  

sample results cannot be made at this time. It appears, however, that the two test methods may 

ultimately give similar results, if the USGSKSM test is continued at smaller matric potentials. e 
Sample CSM Test (Borehole 02793, 14.4-14.9 ft) is most closely associated with similar soils 

in sample Am-6 Borehole 02993, 17.0-18.0 ft) (Figure 1 la). For preliminary comparison 

purposes, this comparison will be used until more USGSKSM data are available. Comparison 

of the shape of the van Genuchten fit to these two samples is shown on Figure 44, along with 

the van Genuchten parameters ( a ,  n, and m). From Figure 44, it appears that the two laboratory 

methods are capable of' producing similar moisture-characteristic curves of acceptable accuracy. 

Because of the preliminary nature of the USGSKSM laboratory procedure and the variability of 

the soil samples compared, the two van Genuchten fits are judged to be acceptable over the range 

of laboratory data. At the drier end of the matric potential values (less than approximately -4,000 

CM of water), the fit is not as good, which would be expected. 
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4.1.2 Unsaturated Hydraulic Conductivity 

Unsaturated hydraulic conductivity was calculated from the A", Inc. test data by combining the 

slope of the moisture-characteristic curves with the diffusivity data using the equations given in 

Section 2.2.3. The same five samples used to calculate the moisture-characteristic curves ( A T -  

1, A n - 2 ,  A n - 4 ,  ATT-5, and ATT-6) were also analyzed to obtain the unsaturated hydraulic 

conductivity versus volumetric moisture content. The diffusivity (Bruce-Klute) and unsaturated 

hydraulic conductivity calculations are given in Tables C-6 through C-10 (Appendix C-4) for the 

five samples. Results of the calculations are plotted versus van Genuchten functions on Fi, w - e s  

45 through 49. For comparison purposes, the unsaturated hydraulic conductivity is plotted as 

"relative" hydraulic conductivity, which is the ratio of unsaturated hydraulic conductivity to 

saturated hydraulic conductivity. The unsaturated hydraulic-conductivity values, based upon the 

Bruce-Klute diffusivity, agree well (within an order of magnitude) with the theoretical (van 

Genuchten) values near the wettest segments of the curves. After two and four log cyclcs, the 

calculated values diverge from the theoretical values by more than an order of magnitude 

(Figures 45 through 49). The reasons for this are twofold: the diffusivity analogy tor calculation 

of moisture movement does not truly represent the mass transfer of water; and large errors exist 

in the diffusivity analogy on the dry end (lower left) of the curves. It is noted from Figurcs 45 

through 49 that the departure of the calculated values from the van Genuchten fit values is 

always toward higher hydraulic conductivities on the dry end of the curves. In all five tcsts, the 

volumetric moisture contents for both the laboratory data and the van Genuchten fit results were 

corrected for the coarse fraction of the soil that was removed prior to analysis before plotting. 

@ 

USGSKSM unsaturated hydraulic conductivity data for the two available soil samples (CSM Test 

and CSM 1-2) are summarized in Tables C-4 and C-5 (Appendix C-4) and plotted versus van 

Genuchten functions on Figures 50 and 51, The preliminary USGS/CSM conductivity data e 
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appear to match the theoretical (van Genuchten) fit about as well as the Bruce-Klute calculated 

conductivity data, that is, within one order of magnitude over the first log cycle. 

A comparison of the unsaturated hydraulic conductivity versus saturation for the CSM 1-2 sample 

(Borehole 02293, 2.9-3.4 ft) with the ATT-1 sample (Borehole 02293, 2.0-4.0 ft), along with the 

van Genuchten fit, is shown on Figure 52. Analysis of the results shown on Figure 52 indicates 

that, because only preliminary data are available from the USGSKSM laboratory for this sample, 

the comparison is generally poor. 

A comparison of the unsaturated hydraulic conductivity versus saturation for the CSM Test 

sample (Borehole 02793, 14.4-14.9 ft) with A m - 6  (Borehole 02993, 17.0-18.0 ft) along with the 

van Genuchten tit, is shown on Figure 53. Analysis of the results shown on Figure 53 indicates 

that there is good agreement between calculation of unsaturated hydraulic conductivity using 

Bruce-Klute data and the USGSKSM flow-pump method. Because the USGS/CSM data are 

preliminary, final analysis and comparison of more samples must await further USGS/CSM 

laboratory tests. 

4.2 STEADY-STATE FLOW ANALYSIS 

Lahot-utoiy geotechiiical &tu were not received in time to p e ~ o r m  the Steudy-Stute Flow 

Analysis. This arialysis will be performed for the laboratory results received to (lute, U I I ~  urzv 

atllitiotial analyses 1-esults received, beginning with the next Interim Report. 

5.0 CONCLUSIONS 

Based upon the limited data available at the time of this Interim Report, the following 

conclusions are made regarding RFP recharge: e 
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0 Soil-moisture profiles were generally static below 1.0 ft from July to October, 

1993 (Figures 12 through 23). Although these Figures suggest slight changes in 

moisture content below 1.0 ft, these variations are within the range of variation 

expected due to the random radioactive decay of the neutron source. 

Consequently, it is not possible to determine if slight changes in moisture content 

are occurring. 

0 Increased moisture contents from the surface to 1.0 ft indicate water did infiltrate 

and percolate short vertical distances during this period. However, i t  was 

apparently used to meet evapotranspiration demands since there was n o  increase 

in moisture content below 1.0 ft. 

0 Continued monitoring of the soil moisture is needed to obtain a better assessment 

of the potential for movement. Initial results indicate that no significant water 

movement has taken place at the two study sites. 
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APPENDIX A 

FIELD DOCUMENTATION 
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Site 1 Preliminary Well-Site Logs 
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Site 2 Preliminary Well-Site Logs 
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Appendix A-3 

Site 1 

Drilling, Soil Sampling, and Hydroprobe 
Access Tube Installation Field Notes 
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Appendix A-4 

Site 2 

Drilling, Soil Sampling, and Hydroprobe 
Access Tube Installation Field Notes 
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Appendix A-5 

Monitoring Field Notes 
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Jet Fill Tensiometer Model 2725A Instruction Manual 



JET FILL TENSIOMETER MODWA 

RESERVOIR BUTTON 

RESERVO I R COVER 

JET-FILL RESERVOIR CAP 

"0" RING CAP SEAL 

DEPTH LABEL 

PORT, MOLDED INTO 
S I  DE WALL OF 
BODY TUBE 

HEAVY, CLEAR PLASTIC 
COVER PLATE 

VENT SCREW 

VACUUM DIAL GAUGE 

BACKUP WASHER 

"0" RING STEM SEAL 

PLASTIC BODY TUBE 

CERAMIC SENSING T IP  

~ 

SOILMOISTURE EQUIPMENT CORP. 
P.O. Box 30025 
Santa Barbara, CA 93105 
USA. 
Telephone No. 805-964-3525 * Telex No. 65-8424 - Fax No. 805-683-2189 * Cable Address: SOlLCORP SOILMOISTURE 
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i. t \ \  

LJ 
Screw tubular spout onto the flller battle 
and Insert tubular spout Into the bore of 
the tenslometer body tube down to the 
t-bom of the tensiometer, Squeeze the ." Iller bottle to f l l l  tensiometer body full 

of f luld. 

A l l o w  the tenslometer body tube to remain 
In a vertlcal posltlon untll fluld 
completely saturates the senslng tlp 
and begins to drlp from the end of the tlp. 
If a group of tenslometers is being fllled, 
they can be placed In a deep slnk or empty 
bucket for support durfng the tlp wettlng 
process. Let the fluid drlp from the tlp 
for about 5 mlnutes to wet thoroughly. 

When the sensing tfp is thoroughly wetted, 
f i l l  the unlt completely to the top and 
pull a vacuum wlthfn the tenslometer uslng 
the vacuum hand pump supplled wlth the 
Servlce Klt. Let the senslng tip of tho 
tensfmeter set on a board for support 
whlle the rubber end of the vacuum hand 
pump Is held In tlght contact wlth the "0" 
rlnq cap seal of the tensiometer. Pulllng 
up on the pump handle w l  I 1 create a &cuum 
wlthln the tenstmeter causing alr to bubble 
out from the stem of the dlal gauge. After 
ach pumping wtth the vacuum hand pump, 

This pumplng operatlon 
q e f  1 1 1 the tenslometer camp letely to the 

top wlth water. 

should be repeated four or f l ve  tlmes untll 
no further alr Is seen to bubble from the 
stem of the dlal gauge. The unit Is then 
sealed by screwlnq the Jet Flil Reservoir 
Cap In place on the top of the body tube. 

To fi I I the Jet Fi I I Reservoir Cap, peel the 
res i I lent neoprene reservoi r cover back from 
the top of the reservoir and fi I I the reser- 
voir 3/4 full of Soi lmolsture Blue Solution. 
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a spade to accept the tenslometer. :.lake sure 
hat the sol1 Is packed firmly around the 
nslometer after 1 t I s set I n p lace. (I$. 

In loose cultlvated solls, such as frequently 
encountered In comnerclal row croDs, It Is 
posslble to slmply push the tenslometer Into 
the s o l l  wtthout coring a hole. Thls method 
of lnstallatlon is completely sattsfactory 
where appllcable. Here agatn, be sur5 that 
the surface sol1 Is packed flrmly around the 
body tube after Installatlon, 

l i i  rocky soi Is, a soi I auger such as our 
Model 230 Soi I Auger, Z " ,  3" or 4"  size, 
can be used to core out a hole to accept 
the tensiometer. In this case, the soi I 
removed is screened to remove large pebbles 
and rocks. The screened soi I is then used 

he tensiometer. A 1/4" 
I y  suitable for 

to backfi I I around 
mesh screen is usua 
screening the soil. 

In difficult instal 
rocky soi I s  or deep 
s l  urry of water and 

ations, such as in 
installations, a 
soi I can be made up 

and poured into the bottom of the hole. 
he sensing tip of the tensiometer is then I) pushed into the slurry to assure good 
contact between sens ing tip and soi I . 
Large holes cored to accept the tens iometer 
are always backfi I led and the soi I at the 
surface tamped tightly around the body tube. 

After Installatton, several hours may be 
requlred before the tenslometer reads tFla 
correct soll suctlon value. Thls Is due to 
the disturbance to the sol1 caused by the 
lnstallatlon procedure. The correct readlnq 
wll1 be reached m r e  qulckly In molst solls 
than in drv solls. 

After thls lnltlal lnstallatlon petlod, the 
tenslometer wll1 accurately lndlcate the 
sol1 suctlon value and w l l l  follow closely 
changes In sol I suctlon from hour io hour. 

TO SERVICE IN THE FIELD 

The Jet F1 I I Tens tometer 1 s camp letel! 
weatherproof and requires very Ilttle 
ervlclng other than occaslonally pushlng e he button on the Jet Flll reservolr to 
remove accumulated alr wlthln the tensl- 
meter, 

LEVEL IJIARK 

If the sol1 In whtch the tenstometer has 
been Installed Is rnolst and the sol1 suctlon 
readlnqs are low, very Ilttle alr wlll ac- 
cumulate In the body tube of the tenslometer. 
If, however, the tenslometer has been 
installed In relatively dry soll and sol1 
suctlon values are In the ranae of 40 to 6d 
centlbars, alr wlII accumulate rather qulckly 
for the f lrst few days after Instal latlon. 
Thls lnltlal accumulatlon of a l r  Is due to 
alr comlng out of solutlon and air detachlng 
itself from the Internal walls of the tensl- 
meter when It Is exoosed to hlah vacuums 
for the ffrst tlrne. After lnltlal Instal- 
latfon, check the tenslometer every day or 
twa and remove accumulated alr by pushlnq 
the button of the Jet F l l l  reservolr. 

After the first few alr removal servlclng 
operatlons, the rate of alr accumulation will 
drop off markedly, and air removal servlclng 
wtll then be requlred only on a weekly or 
longer bask, 
Is so mnvenlent and does not dlsturb sol1 
molsture condltlons, It Is suagested that 
the reservolr button be pushed down to 
service the unlt after each rendlnq that Is 
made on the tenslometer. 
Internal alr wlll be Ilmfted to a mlnlmum, 
whtch wlll assure maxlmwn sensltlvlty of the 
Instrument. Due to the fast fllllng action, 
the tenslometer w l l l  recover to Its correct 
readlng wtthtn a few mlnutes af+er servlclng. 

Slnce the Jet F11 I oberatlon 

By thls means, 

- 5 -  



NOVEMBER 1986 

MODEL 2725 JET FILL TENSIOMETER 

In order to improve protection 
during shipment, our Model 2 7 2 5 A  
Jet Fi 1 I Tensiometer is packed 
with the Ceramic Sensing Tip 
removed. To assemble the unit, 
invert the Tensiometer Body and 
insert the "0" Ring into the 
threaded end o f  the Plastic Body 
Tube, making sure i t  is seated 
at the bottom of the hole. Next, 
screw the Ceramic Sensing Tip 
into the Body Tube until it 
makes a tight seal on the "0" 
Ring. Do not over-tighten the 
Ceramic Sensing Tip into the 
Body Tube. The "0" Ring makes 
t h e  v a c u u m  s e a l ,  not the 
threads. Damage to the threads 
m a y  o c c u r  a s  a result o f  
excessive tightening of the 
Ceramic Sensing Tip. Refer to 
the Operating Instructions for 
further assembly procedures. 

TENS IOMETER BODY 
TUBE 

CERAMIC SENSING 
TIP 

~~~ ~ 

SOILMOISTURE EQUIPMENT CORP. 
P.O. Box 30025 
Santa Barbara, CA 93105 
U.S.A. 
Telephone No. 805-964-3525 Telex No. 658424 Fax No. 805-683-2189 Cable Address: SOILCORP 
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503 DR Hydroprobe Description 





1 .o * 1.1 

The 

6ENERAL 

IWTRODUCTION 

Model 503DR HYDROPROBE, NEUTRON DEPTH MOISTURE GAGE measures the 
sub-surface moisture in s o i l  and other materiais by use of a probe 
containing a source of high energy neutrons and a slow (thermal) neutron 
detector. The probe i s  lowered i n to  a pre-drilled and cased hole (1.5 or 
2 inch diameter). Hydrogen as present in the water in the so i l  SLOWS the 
neutrons down for detection. The moisture data i s  disolayed d i r ec t l y  in 
units of  interest on an above surface electronic assembly which i s  inte- 
g ra l  to  the source sh i e ld  assembiy. 

The gage i s  supplied with a 12 foot cable and f i v e  adjustable cable 
stops. Additionai stops and longer cable Lengths are available. 

Upon retraction of  the probe in to  the shield, the probe locks  
c a l l y  in  place for transportation, 

automati- 

The assembly i s  sunplied with a p l a s t i c  shipoing and carrying 
container which contains; accessory items, cable, in s t ruct ion  manual, 
charger, and other materials which the operator may uish t o  carry. 

cornPLete 
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i.2 SPECIFICATIONS 

FUNCTION : 
RANGE: 

PRECISION: 
COUNT TIME: 
TEMP: 
POWER: 
BATTERY LIFE: 
CONSUMPTION: 

RECHARGE: 
DISPLAY: 

DATA STORAGE: 

CALIBRATION: 
UNITS: 

NEUTRON SOURCE: 
a t C  APSULATI ON: 
SHIELDING : 
SHIPPING: . 

SPECIAL FORM 
APPROVAL: 
CONSTRUCTION: 

SUR FACE UNIT : 

PROBE: Model -2 

Model -1 .5 

CARRYING & 
SHIPPING : 

Yay 7 ,  1984 

Sub-surface moisture measurements. 
0 t o  32% vol, (0.32 grnlcc), (20 pcf), 
(3.84 i n/ f t )  . 
0.24% a t  24% vol a t  one minute. 
1, 4, 16, 32, 6 4 ,  and 256 sec. 
0 TO 70oC operating. 
AA NICAD batter Dack (0.5 Ah) 8 ce l l s .  
500-1000 Charge-discharge cycles. 
6.5 mA avg. (allows more than 
3000 each 16 set counts). 
14 hours a t  C I l O  v i a  wall charger. 
8 character alpha/numerical Liquid- 
Crystal  Display. Eas i  l y  
readable in d i rect  sunlight. 
3072 c e l l s  of; counts, ident i f ie r s ,  
or  keyboard entry of aux i l i a r y  values. 
Fotmat operator programmable. 
0-15 key and 0-15 count per record 
R S Z Z C  s e r i a l  dum0 t o  external p r in ter ,  
computer, CRT or coupler. 
8 ea user programmed (Linear). 
User selectable: 
in/ft, p t f ,  gm/cc, % voI, cm/30cm, 
count and count ratio. 
50 mCi Ameri ciunr241 /Be 
Double Sealed Capsule, CPN-131 
S I  1: con based para f f in  
Radioactive Material, 
Special Form, N.O.S., UN2974 
Transport Index 0.1 
YelLou 11 Label 
USA DOT 7A, Type A Package 

USA/0115/S 
A luminum with eooxy paint 
or hara-anodi r e  f i ni sh. 
Sta in les s  s tee l  wear parts  
15 .?#, 6.8"bJx7 . O"Dxl4.O"H 
(7.12), (172.7~177.8~355.6) 
2.3#, 1.865" d ia  x 12.7"L 
(1.043). (47.4 d ia  x 322.4) 
l.7#, 1.500" dia x l2.7"L 
tO.??ll, (38.1 d ia  x 322.6) 
36.5#, 24"W x 13"D x 1O"H 
(16,561, (609.6 x 330.2 x 254) 

5 a D R  MANUAL PABE 2 



C P N ' 5 0 3  HYDROPROBE' 
The 503 HYDROPRORF' b the most aaamxte, nt(lgcd 
and easy40-u~~ dl moishm probe ami&&& forday. 
The "DROPROMP is available with -fer e k e  
mnla or a direct reading micmpmcesmr. 

FEATURES 
Rapid. precise soil moisture measurements at repeatable s i t e  
Lightweight and portable 
Field m c e  and component exchange with took provided 
Rechargeable. extendd-use battery pack 

The 503 Scaler Model displays test results in counts per 
minute (cprn~ The operator calculates the count ratto (feu 
count/standard count) and refen to the laminated dibr8tion 



IRRlGAlED AGRICLJUURE 
programd soil moisture a b  lkwr an idgator to: 

-lmonrVef=J?Yi* 
Determine when and how d to 

Monitor root devdoplarm 
irrigate 

improve migation efficiency and 

Conserve water. energy. and 
optunuesyztem -m 
a s n c k d  

IWM PROCRAM 
The lmffatiocl Wata Management P m  
gram. avadabte h m  CF" Gorp. a m p t r  
stored HYDROPROB@ data to bdd a 
fiehl Mw file and generate reports of 
sod mouture status urd irrigation form.rl. 
Ideal for the consultant and hrge fanu 
mmaecr. 

ENMRONMEMAL MANAGEME" 
The HYDROPROBE. is an CficaiVC tool 
for leakage detcctlon from buried hrd 
tanks, p ~ p e l i n a  and wastew8ter manage 
m a t  wits 



SPECIFICATiONS 
ERINC INFORMNION QB" 503520 HYDROPROBE.. 503 DR.2.09 DIRECI' READING 

L.UIRON MOEKJRE PROBE. 1.865" (474  mm) probe shell 
diameter. for in-placc measurement of subsurface soil moisture. Pro- 
grammable microprocessor provides formatted data storage and 
transfer capability. Complete wth molded. plastic shipping and storage 
case. lock and kevs. 12 tt. (3.66 m) cable. sign kit. wpe  test kit. cer- 
tificate. tool kit and access tube adapter. 1151230 volt AC batterv 
charger and battery pack of eight welded Ax X A D  cells. Operating 
instructions. 

No. 503515 HYDROPROBE, 503 DR.I.5. DIRECT READING Same 
as No. 503 DR-2.0 except with i.5" (38.1 mml probe shell diameter 

No. 503 OR-2.0 except with counlt-pu-minute readout for calibration 
chart conversion to soil mouture content. 

No. 503015 HYDROPROBF, 503-1.5. SCALER MODEL same as 
No. 503-2.0 except mth 1.5" (38.1 mm) probe shell diameter 

No. 503 twM IRRlGATlON WATER MANAGEMENT PROGRAM. 
4 selfcontuned software proqram which accepts moisture readings 
from the 503 DR. appends them to a aata base. and generates irriaa. 
!ion management reports. including timing ana quantitv 01 irrigation 
The IWM program and the Rs232C serial intertace from the 503 DR 
are compatible with most personal computers and printers. 

Factory calibration IS provided for use in thin-walled aluminum. plastic 
IPVC). and electrical conduit: 1.5 or 2.0" nominal diameters. Please 
specrfy upon ordmng. 

rP,V provides a full line of qualitv took & equipment for the instafla- 
and maintenance of access sites and for held calibration of the 

NO. 503020 HYDROPROBF. 503-2.0. SCALER MODEL M 

... DROPROB€? 

PERFORMANCE 
FUNCTION: . . . . . .  

RANGE . . . . . . . . . . . . . . .  
PRECISION at 1 rniri:. . . . . .  
COUNTING TIME: . . . . . . . .  

OPElUTlNG TEMP.:. . . . . . .  

Subsurface soil moisture . 
measurements for irrigation schedul- 
ing. agronomic research. and 
groundwater hydrology. 
0.0 to 4.8 init t .  (0.0 to 0.40 gcc) 
2 0.024 inift. I+_ 0.002 gccl 
1. 4. 16. 32. 64. or 256 seconds. 
seiected by operator. 

.32" to 140°F (0" to Soot) 
POWER:. . . . . . . . . . . . . . . . . .  Battery pack of 8 welded NlCAD 

c e l k  

CONSUMPTlON:. . . . . . . . . . . .  lOmA avg. Allows more thrn 600 16 

RECHARGE.. . . . . . . . . . . . .  .14  houn via wall charger. 
DISPLAY: . . . . . . . . . . . . . . . . .  Large. 8 character dot matnx liquid 

second counts. 

crystal display. Easiiv readable in 
direct sunlight. 

503 Direct Readout Model (Only): 
U N I T S  . . . . . . . . . . . . . . . . . . .  Operator selectable: cpm. count 

MEMORY STORAGE:: . . . . . . .  1023 records in :hree&pthrgcr.site 

SERIAL INTERFACE:. . . . . . . .  RS232C upload to a PC computer or 

ratio. inches per foot. % moisture. 
pcf. and gcc . 

format. 

printer. 

for 16 soil types. 
CALIBRATION:. . . . . . . . . . . .  .Operator selected linear calibrations 

Radiological: 
N E L ~ O N  SOURCE: . . . . . . . .  jOmCi ( I  .SS x IOJ M B ~ )  

Americium-241 /Be 
ENCAPSULATIOK. . . . . . . .  Double sealed capsule. CPN 131 
DOSE RATE AT HANDLE . . Leu than .5 mremi hr, (5&v/hr) 
SHIPPING . . . . . . . . . . . . . .  Radioactive Material. 

Spmal Form. 
N.O.S.. UN2974 
Transport Index 0.2 
Yellow i i  Label 
USA DOT iA. Type A 

SPEClAL FORM APPROVAL:. L!SA/OiSO/S 

An NRC or agreement state license IS required for d o m e  use. Con- 
tact CP3 Corp. for assistance in obtanmg the operator trklnrng required 
for a license. 

SERVICE 
The modular design of the 503 ailows repars by simpiecanponent ex- 
change. Replacement paru can oe shipped w t h n  one worlung day. 

TRAINING 
CPN Corp. offers comprehenuve trunlng on the use of 8N IrutrumenU. 
either at your fadity or ours. Trainlnq toplu inlcude sal-. qupment 
operation. applications and field mantenance. 

DIMENSIONS/SHIPPINC WEiCKls 

................... . , _ . .  

A muI)(LIA 
-. NmwuATIoNIu. 

MIOWEST 
61859 Shamrock Courc 
Dublin (Columbus). Ohio 43017 Vmcouviii;.MB8684 



:.?I I 

.... . . .  . . . .  ... .. WHFN BERYLLIUM Is . '. . 

EQUIPMENT 

NEUTRON MOOERATION 

.... - .. __ .. - -. . 
BOMBARDED WITH ALPHA . 
PARTIC1 FS FROM 
AM€ 
ARE EMITTED 

AVERAGE ENERGY LOSS PER cc. . I l . C I . l .  . .  ........ 1LL13IUN . .  
HYDROGEN 63 O/o 
OXYGEN 12 O/o 

:RGY 
'ICs 

Figure A-i €qui pneQt and p r i  nci p l  es of  neutron moi sture 
logging (after Keys and MacCary, 1971) 
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M0DEL.A If. 

JET FILL TENSIOMETER 

RESERVOIR BUTTON 

k -  RESERVOIR COVER 
' 

L 

J ET-F I LL RESERVO I R CAP 

"0" RING CAP SEAL 

DEPTH LABEL 

PORT, MOLDED INTO 
S IDE WALL OF 

HEAVY, CLEAR PLASTIC 
COVER PLATE 

VACUUM DIAL GAUGE 

BACKUP WASHER 

RING STEM SEAL 

PLASTIC BODY TUBE 

CERAMIC SENSING T I P  

~~ 

SOILMOISTURE EQUIPMENT CORP. 
P.O. Box 30025 
Santa Barbara, CA 93105 
U S A .  
Telephone No. 805-964-3525 - Telex No. 65-8424 Fax No. 805-683-2189 Cable Address: SOILCORP SOILMOISTURE u 



LJ 
Screw tubular spout onto the flller bottle 
and Insert tubular spout Into the bore of 
+he tenslometer body tube down to the 
ottom of the tenslometer. Squeeze the 
iller bottle to f l l l  tenslometer body full 

of fluid. 

Allow the tenslometer body tube to remaln 
In a vertlcal posltlon untll fluid 
completely saturates the senslng tfp 
and beglns to drlp from the end of the tlp. 
If a group of tenslometers i s  being f 1 I led, 
they can be placed In a deep slnk or empty 
bucket for support during the tlp wettlng 
process. Let the fluid drlp from the tlp 
for about 5 mlnutes to wet thoroughly. 

When the senslng ttp I s  thoroughly wetted, 
f l l l  the unlt completely to the top and 
pull a vacuum wlthtn the tenslometer uslng 
the vacuum hand pump suppl led wlth the 
Service Klt, Let the senslng tlp of the 
tenslometer set on a board for support 
while the rubber end of the vacuum hand 
pump Is held In tlght contact wlth the "0" 
rlnq cap seal of the tenslameter, Pul  I Ing 
up on the pump handle wl I I create a &cum 
wlthln the tenslometer causlng air to bubble 
out from the stem of the d l a l  gauge, After 
ach pumplng with the vacuum hand pump, 

This pumplng operatlon 
e e f  11 I the tenslometer completely to the 

top with water. 

should be repeated four or five tlmes untll 
no further alr is seen to bubble from the 
stem of the dlal gauge, The unlt Is then 
sealed by screwtng the Jet F I l l  Reservolr 
Cap In place on the top of the body tube. 

To fi I I the Jet Fi I I Reservoir Cap, peel the 
resi lient neoprene reservoir cover back from 
the top of the reservol r and f i  I I the reser- 
voir 3/4 full of Soilmoisture Blue  Solution. 

- 3 -  



a spade to accept the tenslometer, Make sure 
hat the sol1 Is packed firmly around the 
ns iometer after 1 t 1 s set 1 n p lace, d 

In loose cultlvated s o l l s ,  such as frequently 
encountered In commerctal row crops, It Is 
posslble to slmply push the tenslometer into 
the sol1 wtthaut coring a hole. This method 
of Installatton is completely satlsfactory 
where appllcable, Here agaln, be sure that 
the surface s o f l  Is packed firmly around the 
body tube after Installatlon, 

I i i  rocky soi Is, a soi I auger such as our 
Model 230 Soi I Auger, 2" ,  3" or 4" size, 
can be used to core out a hole to accept 
the tensiometer. In this case, the soi I 
removed is screened to remove large pebbles 
and rocks. The screened soi I is then used 

he tensiometer. A 1/4" 
ly suitable for 

to backfi I I around 
mesh screen is usua 
screening the soi I .  

In difficult instal 
rocky soi Is or deep 
S I  urry of water and 

ations, such as in 
installations, a 
soi I can be made up 

and poured into the bottom of the hole. 
he sensing tip of the tensiometer is then @ ushed into the slurry to assure good 
contact between sensing tip and sol I .  
Large holes cored to accept the tensiometer 
are always backfi I led and the sol I at the 
surface tamped tightly around the body tube. 

After Installatlon, several hours may be 
required before the tenslometer reads the 
correct sol1  suctlon value, T h l s  Is due to 
the dlsturbance to the soll caused by the 
installatton procedure. The correct readlnq 
wlll be reached more quickly In rnolst solls 
than In drv sol I s .  

After thls inltlal Instal latlon perlod, the 
tenslometer wlll accurately indicate the 
sol1 suctlon value and will follow closely 
changes In solt suctton from h o u r  To hour. 

TO SERVICE IN THE FIELD 

The Jet F 1 I I Tens tometer I s camp lete IF 
weatheroroof and reaulres very ttttle 
servlclna other than occastonal l y  pushlng 
the button on the Jet F l l l  reservolr to 
remove accumulated alr wlthln the tensl- 
meter, 

a 

LE VE L MARK 

I f  the sol1 in whlch the tenslometer has 
been Installed Is molst and the soll suctlon 
readlnqs are tow, very Ilttle alr wlll ac- 
cumulate In the body tube of the tenslometer. 
I f ,  however, the tenslometer has been 
installed In relatlvely dry sol1 and sol1 
suctlon values are In the ranae of 40 to 60 
centlbars, alr w l l l  accumulate rather quickly 
for the flrst few days after Installatfon. 
Thls Inlttal accumulatlon of alr Is due to 
alr comlng out of solutlon and alr detachlng 
itself from the Internal walls of the tensl- 
meter when it Is exoosed to htah vacuums 
for the flrst tlme. After inltlal Instal- 
latlon, check the tenslometer every day or 
twa and runove accumulated alr by pushlng 
the button of the Jet FI I 1 reservolr. 

After the flrst few a l r  removal servlctng 
operattons, the rate of alr accumulatlon wtll 
drop off markedly, and alr removal servlclng 
will then be requlred only on a weekly or 
longer basts, 
Is so canvenlent and does not dlsturb sol1 
mlsture condttlons, It Is suagested that 
the reservolr button be pushed down to 
servlce the unit after each rendlnq that Is 
made on the tenslometer. 
Internal alr wlll be Ilmlted to a mlnlmum, 
whlch will assure maxtmum sensltlvlty of the 
Instrument, Due to the fast f I 1  I Ing actton, 
the tenslameter wlll recbver to Its correct 
readlng wlthtn a few mlnutes afeer servlclng. 

Slnce the Jet F l l l  oberatlon 

f3y thls means, 

- 5 -  



NOVEMBER 1986 

MODEL 2725 JET FILL TENSIOMETER 

In order to improve protection 
during shipment, our Model 2725A 
Jet Fill Tensiometer is packed 
with the Ceramic Sensing Tip 
removed. T o  assemble the unit, 
invert the Tensiometer Body and 
insert the lfO't Ring into the 
threaded end o f  the Plastic Body 
Tube, making sure i t  is seated 
at the bottom of the hole. Next, 
screw the Ceramic Sensing Tip 
into the Body Tube until i t  
makes a tight seal on the "0" 
Ring. D o  not over-tighten the 
Ceramic Sensing Tip into the 
Body Tube. The "0" Ring makes 
t h e  v a c u u m  s e a l ,  not the 
threads. Damage to the threads 
m a y  o c c u r  a s  a result of 
excessive tightening o f  the 
Ceramic Sensing Tip. Refer to 
the Operating Instructions f o r  
further assembly procedures. 

CERAMIC SENSING 
TIP 

SOILMOISTURE EQUIPMENT CORP. 
P.O. Box 30025 
Santa Barbara, CA 93105 
U.S.A. 
Telephone No. 805-964-3525 Telex No. 65-8424 Fax No. 805-683-2189 Cable Address: SOILCORP SOILMOISTURE W 
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503 DR Hydroprobe Description 





1.0 

The 

GENERAL 

INTRODUCTION 

Model S03bR HYDROPROBE, NEUTRON DEPTH MOISTURE GAGE measures the 
sub-surface moisture in soil and other materials by use of a Probe 
containing a source of high energy neutrons and a slow (thermal) neutron 
detector. The probe i s  lowered i n to  a p r e d r i  Lled and cased hate (1 .s or 
2 inch diameter). Hydrogen as  present in the water i n  the s o i l  slows the 
neutrons down f o r  detection. The moisture data i s  disoLaycd d i r ec t l y  i n  
units o f  interest on an above surface electronic assembly which i s  inte- 
gral  to  the source sh i e ld  assembly. 

The gage is  supplied with a 12 foot cable and f i v e  adjustable cable 
S tOPs .  Additional stops and longer cabLc lengths are avai lable. 

Upon retraction of the probe i n to  the shield, the probe locks 
ca l l y  in ptace for transportation, 

automatio 

The assembly is suoolied with a pCastic shipping and carrying 
container which contains; accessory i terns, cable, in s t ruct ion  manual, 
charger, and other materials which the operator may wish t o  carry.  

compLete 

a 
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i.2 SPECIFICATIONS 

FUNCTION : 
RANGE: 

PRECISION: 
COUNT TIME: 
TEMP: 
POWER: 
BATTERY LIFE: 
CONSUMPTION: 

RECHARGE: 
DISPLAY: 

DATA STORAGE: 

DATA OUTPUT: 

CALIBRATION: 
UNITS: 

NEUTRON SOURCE: 
ENCAPSULATION: 
SHIELDING : 
SHIPPING: . 

SPECIAL FORM 
APPROVAL: 
CONSTRUCTION: 

SURFACE UNIT: 

PROBE: Model -2 

Model -1 .5 

CARRYING 8 
SHIPPING : 

Yay 7, 1984 

Sub-surface moisture measurements. 

(3.84 in/ft)  . 
0.24X at 24% vol a t  one minute. 
1, 4 ,  16, 32, 64, and 256 sec. 
0 TO 70oC operating. 
AA NICAD batter oack (0-5 Ah) 8 ce l l s .  
500-1000 Charge-discharge cycles. 
6.5 mA avg. (allows more than 
3000 each 16 sec counts). 
14 hours a t  C I l O  v i a  wall  charger. 
8 character alpha/numerical Liquid- 
Crystal  Display. Eas i  l y  
readable in  direct sunlight. 
3012 c e l l s  o f ;  counts, ident i f ie r s ,  
or  keyboard entry o f  aux i l i a r y  values. 
Format ooetator programmable. 
0-15 key and 0-15 count Der record 
R S a 2 C  s e r i a l  dumo t o  external pr inter,  
computer, CRT o r  coupler. 
8 ea user programmed (linear). 
User selectable: 
in/ft, pcf, gm/cc, X vol, cm/30cm, 
count and count rat io.  
50 m C i  Ameri ciunr241 /Be 
Double Sealed CaosuLe, CPN-131 
Sf li con based paraffjn 
Radioactive Material, 
Special Form, N.O.S., UN2974 
Transport Index 0.1 
Yellow 11 Label 
USA DOT 7A, Type A Package 

USA/Oll 5 / S  
A l u m i n u m  with epoxy paint 
o r  hara-anodize f in i sh .  
S ta in le s s  s tee l  wear parts  
15 .7#, 6 . 8"Uxl. O"bxl4 . 0"H 
(7.1 21 , (1 72 -7 xl77 . 8x3 55 . 6) 
2.3#, 1.865" dia x 12.7"L 
(1.043). (41.4 d ia  x 322.6) 
lo?#, 1.500" dia x 12.7"L 
tO.nl),  (38.1 d ia  x 322.6) 
36.5#, 24"U x 13"D x lO"H 
(16.561, (609.6 x 330.2 x 254) 

0 t o  32% VO~., (0.32 gmlct), (20 PCf), 

503DR MANUAL PAGE 2 



CPIV” 503 HYDROPROBE‘ 

3 

offers a simple to operate but wupuwt alter- 
nauve to other methods of s o i l  moisture rnonitonng. The operator 
n e e d s  minimal instruction. Unlike other Instruments. the 503 DR 
performs its own calculations and records test r&ts 
automatlcally. 
(See figure for kevpad functions.) 
501- are drilled with a soil auger to the depth of the root zone 
and a network of access tubes are installed. Standard irrigation or 
elearrcal conduit IS wd. No further site maintenance I requued. 
Routine testing at 1 R (300 mm) depth intervals provldcs soil 
rnouture status and relative changes throughout the root zone. 



IRRIGATED AGRlCUUURE 
program d mil moisture rncmiming .\ Dawr an irrigator tm 

*lmprove-fJPyKkk 
Detennmt when and how much to 
M a t e  
Monitor root deveropmCnr 

tmprove vriqatlon efficiency and 

Conserve water. energy. and 
o w = e s y J t ~  - 
a f l n c h e d  

TWM PROGRAM 
The irrigation Water Management F m  
gram. a v d e  horn CPN Gxp, accepts 
stoced HYDROPROBE. data to budd a 
field hirtoq, file and generate of 
soil motstwe status and irrigation fortcasts 
ldul for the consultant and large fann -- 
ENVlR0"TUMANAGEMENT 
The HYDROPROBE. b an dfmivc tool 
for Idcap detectmn from buried fud 
tanks. pipelma. and wastewater m w  
mmt uniu  



SPECIFICATIONS 

MODELNUMBER WlOTH Mrm IEEtQcT 

INSTRUMENT 6.8' 7 0' I4 0' 
503&503DR I 172 mm) (I77 mmh (355 mm) 

INSTRUMENT& 
CARRYlNC CASE 24.0' 13.0' 10.0. 
503 & 503 DR (609 mmi 030 mm) (254 m m ~  

ERING INFORMMION 
503520 HYDROPROBE.. 503 DR-2.0. DIRECT READING 

diameter. for in-place measurement of subsurface mil moisture. Pro- 
grammable microprocessor provides formatted data storage and 
transfer capability. Complete wth molded. plastic shipping and storage 
case. lock and kevs, 12 ft. (3.66 m) cable. sign kit. wpe test kit. cer- 
tificate. tool kit and access tube adapter. 115/?30 volt AC batterv 
charger and battery pack of eight welded iU hlCAD cells. Operating 
instructions. 

No. 50351 S HYDROPROBF, 503 DR.1.5. DIRECT READING same 
as No. 503 DR-2.0 except mth 1.5" (38.1 mml probe shell diameter. 

NO. 503 DR-2.0 except with counu-per-minute readout for calibration 
chart conversion to soil mouture content. 

No. 503015 HYDROPROBF, 503-1.5. SCALER MODEL. same as 
No. 503-2.0 except with 1.5" (38.1 mm) probe shell diameter 

Ne. 503 IWM IRRIGATION WATER MANACEWEKT PROGRAM. 
4 selfcontuned software program which accepts moisture readings 
from the 503 DR. appends them to a aata oase. and generates irripa- 
!ion management reports. including trmrng ana audntitv 01 irrigation 
The IWM program and the RS232C serial intenace from the 503 DR 
are compatible with most personal computers and printers. 

Factory calibration IS provided for use in thin-walled aluminum. plastic 
ipvc). and electrical conduit: 1.5 or 2.0" nominai diameters. Please 
specify upon ordenng. 

CPN provides a full line ol aualrtv took & eauipmenr for the installa- 
of accost sites and for field calibration of the 

@ .ZUI'RON MOl!S7URE PROBE, 1.865" (474 mm) probe shell 

NO. 503020 HYDROPROBE', 503-2.0. SCALER MODEL SJIW M 

WWCT 

IS.? h. 
yr.n 4) 

353 k 
(16.56 kg 

PERFORMANCE 
FUNCTION: . . . . . . . . . . . . .  Subsurface soil mouture . 

measurements for irrigation schedul- 
ing, agronomic research. and 
groundwater hydrology. 

RANGE . . . . . . . . . . . . . . . .  .O.O to 4.8 in/ft .  10.0 to 0.40 gcc) 
PRECISION at 1 min:. . . . . . .  5 0.024 in l i t .  I+ 0.002 gccl 
COUNTING TIME . . . . . . . . . .  1 .  4. 16. 32. 64. or 256 seconds. 

selected by operator. 
OPERATING TEMP.:. . . . . . . .  .32O to 14OoF (0' to 6 O q  
POWER:. . . . . . . . . . . . . . . . . .  Battttuy pack of 8 welded NlCAD 

celb. 

CONSUMPTION:. . . . . . . . . . . .  lOmA avg. Allows more than 600 16 

RECHARGE.. . . . . . . . . . . . .  .I4 hours via wail charm. 
DISPLAY: . . . . . . . . . . . . . . . . .  Large. 8 character dot matnx liquid 

second counts. 

crystal display. Easily readable in 
direct suniiqht. 

503 Direct Readout Model (Only): 
UNITS: . . . . . . . . . . . . . . . . . . .  Operator selectable: cpm. count 

MEMORY STORAGE: . . . . . . .  1023 records in :hree&pthr-per-site 

SERIAL INTERFACE:. . . . . . . .  Rs232C upload to a PC computer or 

CALIBRATION:. . . . . . . . . . . .  .Operator selected linear calibrations 

ratio. inches per foot. % mouture. 
pcf. and gcc . 

format. 

printer. 

for 16 toil types. 

Radiological: 
NELTRON SOURCE: . . . . . . . .  

E?iCAPSUUTlOh'. . . . . . . .  
DOSE RATE AT HANDLE . . 
SHIPPING: . . . . . . . . . . . . . .  

SPECIAL FORM APPROVAL: 

jOmCi (i .a5 x I OJ -MBQ) 
Ameriaum-241 /Be 
Double sealed capsule. CPN 131 
Less than -5 mremi hr. (S&v/hr) 
Radioaave Material. 
Speaal Form. 
N.O.S.. UN2974 
Transport Index 0.2 
Yellow I1 Label 
USA DOT 7A. Typc A 
GSA/ 01 50 1 S 

An NRC or agreement state license IS requved for domestic use. Con- 
tact Cf "  Corp. for asutance in obtmnmg the operator trwrmg required 
for a license. 

SERVICE 
The modular deugn of the 503 allows reparm by simpk component ex- 
change. Replacement paru can w stupped wthn one w a g  day. 

T R 4 r " G  
CPN Cop. onvs comprehenuve trarnmq on the ux 0l8N instrument.% 
either at your fadity or ours. Trainmq topio inlcude de. qulpment 
operation. applications and field muntenance. 

DIMENSIONS/SHIPPINC WEICHIS 

,... ............... . . .  
I , .  a 

CPN 



EQUIPMENT 

POWER SUPPLY 

WHEN 8ERYLLIUM IS 
BOMBARDED WITH ALPHA 
PARTICLES FROM 
AMERICIUM NEUTRONS 

AVERAGE ENERGY LOSS 
PER COLLISION: 

ARE E M I T ~ E D  

HYDROGEN 63 O/o 
OXYGEN 12 O/o 

Figure A-i Equi pneht and p r i  nci p1 es of  neutron moi s t w e  
logging ( a f t e r  Keys and MacCary, 1971).  
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Colorado School of Mines (CSM) Laboratory Procedure 



garold W.  Olsen,l Arthur T. Willden,2 Nicholas J. Kiusalaas,3 Karl R. 
Nelson, and Eileen P. Poeter' 

VOLUME-CONTROLLED HYDROLOGIC PROPERTY MEASUREMENTS IN 
TRIAXIAL SYSTEMS 

REFERENCE : Olsen, H. W., Willden, A. T., Kiusalaas, N. J., Nelson, 
K. R., and Poeter, E. P . , "Volume-Controlled Hydrologic Property 
Measurements In Triaxial Systems," m c  CoUbCtlvltv and 
Waste Co-rt Y in soils. AS= STP 11 4 2 ,  David E. Daniel and 
Stephan J. Trautwein, lEds., Fmerican Society for Testing and Materials, 
Philadelphia, 1993. 

. ,  

ABSTRACT: New capabilities for hydrologic property measurements 
in triaxial systems include: (1) volume-controlled and simultaneous 
measurements of hydraulic conductivity and one-dimensional specific 
storage of a saturated test specimen; and (2) volume-controlled 
measurements of hydraulic conductivity, rnatric potential, and the 
variation of these properties with the moisture content of an 
unsaturated test specimen. 

saturated and unsaturated test specimens, a single-carriage flow pump 
equipped with an infuse-withdraw actuator generates identical flow rates 
into and out of opposite ends of a test specimen. For volume control of 
one-dimensional deformation of saturated specimens, a dual-carriage flow 
pump equipped with two identical infuse-withdraw actuators generates 
identical flow rates of water from ( o r  into) the ends of a test specimen 
and into (or from) a hydraulic piston that deforms the specimen axially. 
3y dimensioning the hydraulic piston to maintain the volumetric and 
axial deformations equal, radial deformation of the specimen is 
prevented. A n  additional f l o w  pump provides volume control of the 
moisture content of an unsaturated specimen. 

- .  

F o r  volume control of hydraulic conductivity measurements in both 

KEYWORDS: hydraulic conductivity, compressibility, specific 
storage, capillary pressure, matric potential, suction, flow pumps. 

~ 
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INTRODUCTION 

Since the late 1970's, applications of the constant-flow method 
for hydraulic-conductivity measurements have been increasing in both 
research and practice. This method, which involves generating a 
constant flow rate through a test specimen with a flow pump and 
measuring the pressure difference induced thereby with a transducer, has 
recently been accepted in ASTM Standard Test Method for Measurement of 
Hydraulic Conductivity of Saturated Porous Materials Using a Flexible 
Wall Permeameter (05084-90). The fundamental advantage of this volume- 
controlled method, compared with constant-head and falling-head methods, 
is that hydraulic conductivity measurements can be obtained much more 
rapidly and at substantially smaller hydraulic gradients (Olsen et al. 
1985, 1988, 1991; Aiban and Znidarcic 1989). 

have been expanding for additional hydrologic properties of both 
saturated and unsaturated test specimens. These applications involve 
volume control not only for hydraulic-conductivity measurements, but 
also for changing the volume and/or the moisture content of test 
specimens in one-dimensional consolidometers and in triaxial cells. F o r  
saturated specimens in a one-dimensional consolidometer, Gill, Olsen, 
and Nelson (1991) introduced a volume-controlled method f o r  
superimposing direct constant-flow hydraulic-conductivity measurements 
on constant-rate-of-deformation ( C W )  consolidation tests. For 
saturated specimens in triaxial cells, Olsen et al. (1991) introduced a 
volume-controlled method for obtaining hydraulic-conductivity versus 

isotropic consolidation and rebound. For unsaturated specimens in 
triaxial cells, Znidarcic, Illangasekare, and Manna (1991) introduced a 
volume controlled method for measuring matric potential (also known as 
suction and capillary pressure) versus degree of saturation 
relationships. 

controlled method for saturated specimens under isotropic deformation i n  
a triaxial cell. In addition, the paper introduces new applications of 
volume control f o r :  ( 1 )  simultaneous measurements of hydraulic 
conductivity and specific storage on saturated specimens under one- 
dimensional deformation in a triaxial cell; and (2) simultaneous 
measurements of hydraulic conductivity, matric potential, and the 
variation of these properties with the degree of saturation of an 
unsaturated specimen in a triaxial cell. 

In recent years, applications of flow pumps in laboratory testing 

- . effective-stress and/or void-ratio relationships on specimens under 

T h i s  paper presents improvements to the above-mentioned volume- 

SATURATED SPECIMENS UNDER ISOTROPIC DEFORMATION 

Figure 1 illustrates a triaxial system for measuring hydraulic 
conductivity versus effective stress relations on specimens under 
isotropic consolidation and rebound. A single-carriage flow pump 
equipped with an infuse-withdraw actuator [PI generates identical flow 
rates through opposite ends of the test specimen [SI while one 
transducer [MI monitors the pressure difference across the specimen and 
a second transducer [Nl monitors the pressure difference between the 
pore fluid in the specimen and chamber fluid in the triaxial cell. A 
dual-channel flow pump, &quipped with identical infuse-withdraw 
actuators [CC], extracts (or infuses) pore fluid from ( o r  to) the 
specimen, and thereby changes its volume at a constant rate. A high- 
pressure bellowfram [B] allows the chamber pressure to be elevated and 
maintained constant at high levels, on the order of 400 psi. 

2 



Air Pressure 
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Figure 1--Triaxial system for saturated specimens under isotropic 
deformation. 

One improvement in this system, compared with previous systems 
(Olsen et al. 1991), is the use of infuse-withdraw actuators not only 
for generating identical flow rates through opposite ends of a test 
specimen, but also for extracting or infusing pore water to o r  from the 
ends of the specimen. The use of infuse-withdraw actuators for this 
latter purpose, instead of conventional stainless-steel syringes in 
previous described systems, provides a means to minimize the force 
imposed on the saddle of the flow pump by the shafts that drive the 
pistons in the actuators. In figure 1, this force is proportional to 
the pressure difference between the pore fluid in the specimen and the 
chamber fluid in the triaxial cell. Alternatively, the line from the 
actuators to the chamber could be connected to another pressure source 
suitable for counteracting the force generated by the pore-water 
pressure in the specimen. The other improvement in this system is the 
use of a high-pressure bellowfram, whose design is documented elsewhere 
(Willden 1991). These improvements were motivated by our experience 
that response times needed to reach steady state for very-low hydraulic- 
conductivity measurements can be minimized by elevating pore fluid and 
chamber pressures to at least 150-200  psi. 

Data obtained with the system in figure 1 on 5.08-cm diameter by 
2.54-cm thick specimens of shale from Oklahoma are shown in figures 2 
and 3. In these figures, the bottom plots show the time history of the 
effective stresses induced in the specimens during consolidation and 
rebound. The middle plots show the hydraulic conductivity measurements 
that were superimposed during consolidation and rebound. Th+ upper 
plots show the hydraulic conductivity versus effective stress 
relationships derived from the lower and middle plots. 
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Figure 2--Elapsed time (t-) versus effective stress ( 0 ' )  [bottom plot] 
and hydraulic-conductivity (k) [middle plot] on an Oklahoma 
shale specimen (from 20.4-m depth) in the triaxial system 
illustrated in figure 1; 0'  versus k relationship from data in 
the middle and lower plots [top plot]. 
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Figure 3--Elapsed time (t) versus effective stress (a' )  [bottom plot] 
and hydraulic-caductivity (k) [middle plot] on an Oklahoma 
shale specimen (from 36.2-111 depth) in the triaxial system 
illustrated in figure 1; 6' versus k relationship from data in 
the middle and lower plots [top plot]. 



The specimens were first equilibrated fo 
effective stresses. 
rebounded continuously, although in figure 3, the rate of loading was 
modified at elapsed times of about 105, 390, and 490 hours. Figure 2 
shows 35 hydraulic-conductivity measurements in the range of to 10- * cm/s were obtained between elapsed times of 100 to 270 hours, or an 
interval of about seven days. In contrast, figure 3 shows seven 
hydraulic-conductivity measurements in the range of to cm/s 
were obtained before, during, and following consolidation and rebound, 
between elapsed times of 100 to 600 hours, or an interval of about 21 
days. These data include the lowest values of hydraulic conductivity 
that we have measured to date. 

Figures 2 and 3 illustrate that the elapsed time needed for 
obtaining hydraulic-conductivity versus effective-stress relationships 
varies with the hydraulic conductivity of the material. The governing 
factor is the response time needed for reaching steady state during each 
hydraulic-conductivity measurement, which depends on the ratio of the 
compressibility (or specific storage) divided by the hydraulic 
conductivity of the material. This ratio, which is commonly referred to 
as either the coefficient of consolidation or the hydraulic diffusivity, 
is independent of the hydraulic gradient induced during a constant-flow 
hydraulic-conductivity test. Our experience in this and previous 
studies (Olsen et al. 1985, 1988, 1991) shows response times for 
constant-flow hydraulic-conductivity (k) measurements in triaxial 
systems to be on the order of: (a) a few minutes or less for materials 
with k values greater than cm/s, (b) a few hours for'materials with 
k values in the range of 
materials with extremely low k values, in the range of to 
cm/s . 

Thereafter, -the specimens were consolidated and 

- .  
to loe9 cm/s; and (c) a few days for 

SATUFLATED SPECIMENS UNDER ONE-DIMENSIONAL DEFORMATION 

Figure 4 shows an experimental system Willden (1991) developed f o r  
superimposing constant-flow hydraulic-conductivity measurements with 
one-dimensional constant-rate-of-deformation (CRD) consolidation of a 
test specimen in a triaxial system. This system includes the components 
of the system in figure 1. In addition, (a) it is equipped with a 
hydraulic loading system [HI f o r  controlling the axial deformation of 
the specimen, (b) the upper ends of the pair of identical infuse- 
withdraw actuators [CC] transmit fluid to or from the hydraulic loading 
chamber, and (c) an additional transducer [O]  measures the pressure 
difference between the hydraulic loading chamber and the cell chamber. 

One-dimensional consolidation or rebound of the specimen is 
accomplished with two identical infuse-withdraw actuators [ C C ] ,  driven 
by a dual-carriage f l o w  pump. For one-dimensional deformation with 
double drainage, these actuators simultaneously withdraw (or infuse) 
pore fluid from (or into) opposite ends of the specimen, and transmit an 
identical volume of fluid to (or from) the piston loading chamber. The 
total volume change of,the specimen equals the volume extracted from (or 
infused into) the top and bottom of the specimen. Alternatively, for 
one-dimensional deformation with single drainage, both actuators can 
withdraw (or infuse) pore-fluid from (or into) one end of the specimen. 
This requires some additional valves and tubing not shown in figure 1. 
With either double or single drainage, the axial deformation of the 
specimen is maintained equal to the total volume change because the 
piston loading chamber has a net cross-sectional area equal to that 
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Figure 4--Triaxial system for saturated specimens under one-dimensional 
deformation. 

of the test specimen. This constraint prevents radial deformation of 
the specimen, and thereby maintains the average diameter of the specimen 
constant durir,g consolidation and rebound. 

Data obtained with this system on a reconstituted specimen of 
kaolinice are presented in figure 5. This specimen was prepared from 
Standard Air Floated (SAF)  Kaolinite from the Georgia Kaolin Company. 
Dry powdered clay was mixed with distilled water to form a slurry with 
an initial water content of 110%. The slurry was deaired under vacuum, 
poured into a rigid 3-inch diameter cylinder, and consolidated one- 
dimensionally between porous discs to a consistency with sufficent 
stiffness to allow a 5.08-cm diameter specimen to be trimmed and mounted 
in the triaxial system. The specimen was maintained under a very small 
effective stress while the chamber fluid pressure was elevated in three 
steps from 0-100, 100-200, and 200-400 psi, and allowed to equilibrate 
f o r  24 hours following each step. B-bar values measured at the end of 
the successive equilibration periods were 98%, 99%,  and >99.5%.  

consolidation with single drainage, following equilibration of the 
specimen at pore fluid and chamber fluid pressures of approximately 400 
and 405 psi respectively. The lower plot shows the time history of the 
void ratio during consolidation and rebound at a constant rate of 
deformation of s - l .  The middle plot shows the corresponding time 
history of the induced vekical and horizontal effective stresses. 
upper plot shows the time history of the pore-pressure difference, Au, 
across the specimen. The deformation-induced component of this pre-iure 
difference, designated as the baseline, is caused by CRD deformation 
with single drainage. The additional periodic changes in this 

In figure 5, the elapsed time scale begins at the onset of CRD 

The 
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Figure 5--Elapsed time (tT versus void ratio (e) [bottom plot], pore- 
pressure difference across the specimen (Au) [middle plot], and 
the vertical (oV1) and horizontal (Oh') effective stresses [top 
plot] on a kaolinite specimen in the triaxial system 
illustrated in figure 4. 
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pressure difference were induced by generating a flow rate through the 
specimen with the infuse-withdraw actuator driven by a single-carriage 
flow pump. Approximately 20 constant-flow hydraulic conductivity- 
measurements were thus obtained during consolidation for about 93 hours 
2nd subsequent rebound for an additional 12 hours. 

6. The lower plot shows: the void ratio (e) versus the vertical 
effective stress (bvt); the void ratio vs the horizontal effective 
stress, oh'; and the void ratio versus KO, where KO = bh'/Qv'. The 
upper plot shows the void ratio versus hydraulic conductivity (k), and 
also the void ratio versus specific storage (Ss) relationships. The 
specific storage is calculated from the compressibility, (a,) which is 
the slope of the void ratio versus vertical effective stress 
relationship (de/dcrv') . 
sources of compliance that tend to cause deviations from the zero- 
radial-strain condition: (a) compressibility of the pore water in the 
test specimen and the interconnected water in the tubing and infuse- 
withdraw actuators: (b) compressibility of the water in the hydraulic 
loading chamber and the interconnected water in the tubing and infuse- 
withdraw actuators: and (c) expansion of the test cell induced by axial 
force in the specimen. To minimize errors from these factors, very high 
fluid pressures were used in the test specimen, the triaxial chamber, 
and the hydraulic loading system. In addition, the vertical expansion 
of the test cell in response to the axial force generated by hydraulic 
loading was calibrated and taken into account in determining the 
thickness of the specimen throughout the test. 

condition by comparing direct meaaurements of the thickness and diameter 
of the specimens before and after CRD consolidation and rebound, and 
also by comparing the KO values obtained during virgin consolidation 
with those compiled f r o m  the literature by Mayne and Kulhawy (1982). 
These comparisons are presented in Tables 1, 2, and 3 for four test 
specimens of the same kaolinite, including specimen T6 whose data were 
presented in figures 5 and 6. 

vertical strains. F o r  three of the specimens, the final diameters were 
approximately 0.5% larger than the initial diameters, after the 
specimens had been consolidated from about 12-18%. For specimen T5, the 
larger radial strain appears to be unreasonable, due to a value of the 
initial diameter that is low compared with the initial diameters of the 
other specimens. Comparison of Tables 2 and 3 shows the range and the 
average values of KO obtained from the four kaolinite specimens (Table 
2 )  are reasonable because they are within the range of values for 
kaolinite that Mayne and Kulhawy (1982) compiled from the literature 
(Table 3 )  . 

Constitutive relations derived from these data are shown in figure 

A limitation of the triaxial system in figure 4 arises from three 

- .  

Willden (1991) examined deviations from the zero-lateral-strain 

Table 1 shows the radial strains were small compared with the 

UNSATURATED SPECIMENS UNDER STRESS CONTROL 

Figure 7 shows an experimental system for measuring hydraulic 
conductivity, macric potential, and the variation of these properties 
with the water content of-a unsaturated specimen. Our initial goal for 
this system was to determine whether constant-flow hydraulic- 
conductivity measurements could be performed on an unsaturated specimen 
by infusing and withdrawing identical flow rates at opposite ends of the 
specimen with a flow pump equipped with an infuse-withdraw actuator [PI. 
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TABLE l--Initial and final dimensions and strains for kaolinite 
specimens tested by Willden, 1991 

T3 T4 T 5  T6 
Sample number 

Initial, cm 2 . 2 3 6  2 . 1 0 3  2 . 2 8 0  2 . 2 0 1  

Final, cm 1 . 8 4 6  1.790 I. 8 5 0  1 . 9 3 0  

Vertical strain 1 7 . 4 %  1 4 . 9 %  1 8 . 9 %  1 2 . 3 %  

le diameter 

Initial, cm 5 . 1 3 0  5.110 5 . 0 6 0  5 . 1 3 0  

Final, cm 5 . 1 5 5  5 . 1 4 4  5.150 5 . 1 5 6  

Radial strain 0 . 5 %  0 . 7 %  1.8% 0 . 5 %  

TABLE 2--KO values measured by Willden, 1 9 8 2  
on Standard Air Floated Kaolinite from Georgia Kaolin Company 

Spec imen Range Average 

T3 0 . 4 6 - 0 . 5 0  0 . 4 9  

T 4  0 . 4 2 - 0 . 4 9  0 . 4 5  

T5 0 . 4 6 - 0 . 4 8  0 . 4 7  

T6 0 . 4 4 - 0 . 4 7  0 . 4 6  

The pedestal and top cap have 5-bar (high-air-entry) ceramic discs 
through which water is transmitted to or from the specimen. The upper 
disc has a center hole, and is sealed with O-rings in a doughnut shaped 
cavity in the top cap. A hole through the center of the top cap allows 
pore-air pressure in the specimen to be controlled by an external 
pressure regulator [PR]. The water content of the specimen is varied by 
using a second flow pump [W] to infuse or withdraw water at the base of 
the specimen. Insitu stresses on the specimen can be simulated using a 
differential pressure regulator [DPR] to maintain a constant pressure 
difference between the chamber pressure and the pore-air pressure. 
Alternatively the specimen volume can be controlled (to a degree limited 
by compliance of the 
the triaxial chamber 

system) by infusing or withdrawing water into/from 
with a third flow pump [VI. 
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TABLE 3--Ko values compiled by Mayne and Kulhawy, 1982 

Reference Soil Name KO Value 

Burland, 19 67 kaolinite 0.69 

Sketchley and Bransby, 1973 Spestone kaolinite 0.66 

Parry and Wroth, 1976 kaolinite 0.64 

Parry and Nadarajah, 1973 Spestone kaolinite 0.64 

Moore and Cole, 1977 Australian kaolinite 0.56 

Singh, 1971 

2oulos, 1978 

kaolinite 0.51 

Sydney kaolinite 0.48 

Noore and Cole, 1977 Au s t r a 1 i an k ao 1 in i t e 0.44 

One side of each of three differential pressure transducers [M,N, 
and Q]  are connected to one of the pore-water lines into the base 
pedestal, where they monitor the water pressure below the 5-bar ceramic 
disc at the base of the specimen (Pb). The other side of transducer M 
monitors the water pressure in the top cap above the 5-bar ceramic disc 
on top of the specimen (Pt). The other side of transducer Q monitors 
the air pressure in the center hole of the top cap that connects with 
the pore-air pressure at the top of the specimen (Pa). The other side 
of tzansducer N monitors the chamber pressure (Pc). 

of well-graded silty sand, having 14.5% finer than # 2 0 0  sieve, from a 
recharge research site 3 miles north of Golden, CO. ?he sample was 
extracted from the bottom of a hole drilled with a 3 and 1/4-inch ( 8 . 3 -  
cm) diameter hand auger, at a depth of 1.5 meters in soil overlying the 
approximate contact of the Denver and Arapahoe Formations (Kiusalaas 
1992). The sample was obtained by using an 8-lb (35.6-N) slide hammer 
to advance a hollow-tube sampler equipped with a 5.08-cm diameter by 
15.2-cm long brass liner. Subsequent moisture changes were minimized by 
placing end caps on the sample-filled liner immediately after 
extraction, and storing the sample in a humid room. 

liner-covered sample with a diamond rock saw. The liner was cut 
lenqchwise to eliminate frictional resistance while removing the 
specken from its liner. ?he specimen was enclosed in a cylindrical 
latex membrane, mounted in the triaxial cell, and sealed between the 
base pedestal and top cap with O-rings. The triaxial cell chamber was 
filled with deaired-distilled water from an elevated reservoir (not 
shown). Prior to mounting the specimen, the hydraulic components of the 
system were saturated with deaired-distilled water. After mounting, the 
specimen was saturated by evacuating the air in its pore space with a 
vacuum pump attached to the pore-air line leading to the center hole in 
the top cap over the specimen. Deaired-distilled water, at atmospheric 
pressure in the elevated reservoir, was then allowed to flow upwards 
through the specimen until it appeared in the pore-air line connected to 
the vacuum pump. 

The data presented below were obtained on an "undisturbed" sample 

The test specimen was prepared by cutting a 5.08-cm section of the 

?he vacuum pump was then disconnected, the pore-air 
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Figure 7--Triaxial system for unsaturated specimens under isotropic 
stress control 

line was equilibrated with the atmosphere, and the differential pressure 
regulator was set to maintain the pressure in the chamber fluid 1 0  psi 
greater than the pressure in the pore-air line at the top of the 
specimen. It appears reasonable to suppose that this procedure removes 
most of the pore air from the specimen; however, the efficiency of this 
procedure for saturating test specimens has yet to be determined. 

figures 8, 9, and 10. APa-b is the difference between the pore-air 
pressure at the top of the specimen and the water pressure below the 
porous stone in the base pedestal. When there is no flow through the 
system, and hence no head loss through the ceramic discs, this pressure 
difference equals that between the pore-air pressure and the pore-water 
pressure within the specimen, Pm, which is commonly referred to as 
matric potential, or suction. APt-b is the difference between the water 
pressure above the ceramic disc in the top cap, and the water pressure 
below the ceramic disc in the base pedestal. The response of this 
pressure difference to an externally generated flow of water through the 
specimen arises from resistance to water flow, both through the specimen 
and also through the ceramic discs above and below the specimen. When 
there is no externally generated flow through the system, finite values 
of APt-b, which are generally very small, may arise from sources within 
a test specimen, such as -gradients in the composition and properties of 
the materials and/or chemical reactions among the constituents (Olsen, 
Nichols, and Rice 1985). In our experience, significant magnitudes of 
APt-b fzom sources within test specimens arise primarily in materials 
with extremely low hydraulic conductivities, on the order of lo-’ cm/s 
or less. 

The time history of a test on the above specimen is illustrated in 
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Figure  8 .  Data obta ined  d u r i n g  e l apsed  t i m e  ( t )  from 0 t o  345 hours 
f o r  a specimen i n  the t r i a x i a l  system i l l u s t r a t e d  i n  f i g u r e  
7 .  APa+ i s  d i f f e r e n c e  between po re -a i r  p r e s s u r e  a t  t o p  O f  
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base p e d e s t a l .  b P t +  i s  d i f f e r e n c e  between w a t e r  p r e s su res  
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base p e d e s t a l .  
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above and below t h e  porous s t o n e s  i n  t h e  t o p  cap and t h e  
base  pedes t a l .  
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Figure 8A shows the first 300 hours when the pore-air pressure was 
maintained at atmospheric pressure. About halfway through this period, 
the water content of the specimen (in % of dry soil weight) was reduced 
from 22.4% to 20.0% by extracting 2.69 cm3 of pore water from the 
specimen. Sefore and after this change in water content, hydraulic- 
conductivity measurements was conducted by generating a flow rate of 
1.48 x 
equipped with an infuse-withdraw actuator. The hydraulic-conductivity 
values shown were calculated from the magnitudes of hPt-b induced by the 
externally imposed flow rate. Recall that the induced values of APt-b 
include resistance to flow through both the specimen and the ceramic 
discs. The hydraulic conductivity did not change appreciably after 
reducing the water content, probably because the magnitude of APt-b was 
dominated by resistance to flow through the ceramic discs. Low 
hydraulic conductivity of the ceramic discs is further reflected in the 
induced response of &a-b that parallels the induced APt-b during 
the hydraulic-conductivity measurements. However, the matric potential, 
P,, which equals when there is no flow through the specimen, 
increased from nearly zero to about 6 kPa after reducing the water 
content from 22.4% to 20.0%. Finally, note that the response times for 
these hydraulic conductivity measurements are on the order of 20-30 
hours. 

pressure was elevated, first to 52 kPa ( 7 . 5  psi), and second, to 518 
kPa ( 7 5  psi). During the first step, APa-b shows the increase in pore 
air pressure generated a pressure difference across the lower ceramic 
disc that dissipated at a decreasing rate over a period of about 1 0  
hours. Similarly, hPa-b shows the increase in pore air pressure 
generated a transient difference between the fluid pressure below the 
lower ceramic disc and the fluid pressure above the upper ceramic disc 
that dissipated in about 20 hours. These transient responses were 
avoided in the second step by elevating the pore-air pressure and the 
water pressures above and below the porous stones simultaneously. The 
data show the matric potential, Pm, which equals APa-b when there is no 
flow through the specimen, was increased from about 6 kPa to about 16 
kPa during the first step, and from about 16 kPa to about 18 kPa psi 
during the second step. 

hydraulic conductivity measurements were obtained while the pore-air 
pressure and the water content were maintained constant at 5 1 8  kPa and 
2 0 . 0 % ,  respectively. Note that the matric potential remained constant 
at 18 kPa during this time interval, and further note that this 30-hour 
time interval is one-tenth of the 300-hour time interval in figure 8A. 
The increase in pore-air pressure from 0 to 518 kPa decreased the 
response time for hydraulic-conductivity measurements from more than 20 
hours to less than 1 hour. This change in response time is not 
accompanied by a significant change in the hydraulic conductivity. 

of this period includes the three hydraulic-conductivity tests in figure 
9A, at a substantially 'condensed time scale. Thereafter, 1.38 cm3 of 
porewater were extracted which decreased the water content from 20.0% to 
18.8%, increased the matric potential from about 18 kPa to about 30 kPa, 
and reduced the hydrauli&conductivity from 2.0 x 
cm/s . 

Figure 10A shows the period from 450 to 5 5 0  hours where the water 
content was decreased to 18.2%, which increased the matric potential to 
about 40 kPa and reduced the hydraulic conductivity to 1.03 x cm/s. 

cm3/s through the specimen with a single-carriage flow pump 

Figure 8B shows the period from 300 to 345 hours when the pore-air 

- .  

Figure 9A shows the period from 345 to 375 hours when three- 

Figure 9B shows the period from 350 to 450 hours. The first part 

to 1.03 x 10-O 
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Figure 10B shows the period from 500 to 900 hours where the decrease in 
the water content to 16.8% increased the matric potential to about 90 
kPa, and reduced the hydraulic conductivity to 5.19 x 1 0 - l '  cm/s. 
Comparison of the response times for hydraulic-conductivity measurements 
in figure 9 and 10 show they increased substantially with decreasing 
hydraulic conductivity. 

9B, and became more pronounced in figures 10A and 10B. In figure 9B 
during the hydraulic conductivity test between 395 and 410 hours, APt-b 
continued creeping upward rather than reaching a constant steady-state 
value. In figure 10A during the hydraulic conductivity tests between 
490 and 505 hours, APt-b initially climbed at a rate that did not 
decrease with time towards a constant steady state; however, a steady 
state was reached by reducing the externally imposed flow rate by a 
factor of 3, from 14.8 to 2.95 x cm3/s. This behavior occurs again 
in figure 10B during the hydraulic conductivity test between 630 and 720 
hours. &t-b initially climbed at a rate that did not decrease with 
time towards a constant steady state; however, an approximate steady 
state was reached by reducing the externally imposed flow rate by a 
factor of 5, from 2.95 x to 5.90 x cm3/s. A second 
complication in the behavior of &t-b first appears in figure LOB, 
following the hydraulic-conductivity test between 630 and 720 hours and 
again following the test between 810 and 860 hours. APt-b does not 
return to zero after terminating the externally imposed flow rate. A 
pressure difference on the order of 10 kPa persists across the specimen. 

matric potential that were obtained concurrently at successively lower 
water contents. The nearly constant hydraulic conductivity for water 
contents above 20%% probably reflects the upper limit controlled by the 
hydraulic conductivity of the 5-bar ceramic discs. 

Figure 12 shows, in the upper plot, the interrelationship between 
the hydraulic conductivity and natric potential values in figure 11. 
The lower plot in this figure shows how the response time (RT) varies 
with pore-air pressure and decreasing magnitudes of the hydraulic 
conductivity. Note that the variation of response time with hydraulic 
conductivity, for elevated pore-air pressures at 518 kPa, are comparable 
to the response times for hydraulic-conductivity measurements in 
saturated specimens that were summarized at the end of the previous 
section of the paper concerning saturated specimens under isotropic 
de f o rmat ion. 

One complication in the behavior of APt-b first arose in figure 

Figure 11 summarizes the variations of hydraulic conductivity and 

DISCUSSION 

Our experience in this and previous studies (Olsen et a1 1985, 
1988, 1991) shows response times for constant-flow hydraulic- 
conductivity (k) measurements in triaxial systems to be on the order of: 
(a) a few minutes or less for materials with k values greater than 
cm/s, (b) a few hours for materials with k values in the range of 
to cm/s; and (c) a few days for materials with extremely low k 
values, in the range of 1 0 - l '  to lo-'' cm/s. In contrast, Benson and 
Daniel (1990) report the following time intervals for falling-head 
hydraulic-conductivity tests in rigid-wall and flexible-wall 
permeameters: "Tests on soil with k > cm/s typically lasted for 
about 2 weeks; soils with k < cm/s were permeated for several 
months." This comparison illustrates the previously reported 
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A 
fundamental advantage of the constant-flow method, compared with 
conventional constant-head and falling-head methods; namely, that 
hydraulic conductivity measurements can be obtained much more rapidly 
and at substantially smaller hydraulic gradients. 

The development of the triaxial system in figure 4 for saturated 
specimens under one-dimensional deformation was preceded by a previously 
described system f o r  superimposed constant-flow hydraulic-conductivity 
and CRD-deformation measurements in an Anteus backpressured one- 
dimensional consolidometer (Gill, Olsen, and Nelson 1991; Olsen et al. 
1991). One advantage of the triaxial system is that it provides 
continuous data on the horizontal effective stress, which is unknown in 
conventional one-dimensional consolidometers. Another advantage is that 
many earth materials can be tested in triaxial systems that cannot be 
properly trimed for mounting in one-dimensional consolidometers. These 
materials include rigid and very stiff materials like sandstones ar.d 
shales. They also include gravelly materials which cannot be trimmed to 
the exact and uniform diameter needed to avoid sidewall leakage in one- 
dimensional consolidometers. 

The data obtained with the triaxial system in figure 4 illustrate 
the infuse-withdraw actuator is a useful tool, not only for hydraulic- 
conductivity measurements, but also for strain-path control in triaxial 
systems. In this study, strain-path control is limited to the special 
case of one-dimensional deformation, commonly referred to as KO 
consolidation or rebound, wherein the volumetric and axial deformation 
rates in the specimen are maintained equal. By adding an additional 
flow pump for infusing or withdrawing hydraulic fluid to or from the 
hydraulic loading chamber, the system would be capable of controlling 
arbitrary combinations of vertical and volumetric deformation rates for 
a wide range of strain paths during either consolidation or shear phases 
of a triaxial test. 

This volumetric approach to strain-path control in triaxial 
systems is attractive in that it avoids the need for instrumentation to 
monitor radial deformations and to counteract these deformations with 
feedback-induced chamber-pressure adjustments. However, the evidence 
presented in this paper suggests some deviations occured from the 
requirement of zero radial strain for one-dimensional consolidation and 
rebound. It remains to be determined whether, and under what 
conditions, these deviations can be considered negligible for practice 
and research, and also whether these deviations can be minimized with a 
more rigid triaxial cell. Nevertheless, the radial strain is small 
compared with the vertical strain, and therefore the system in figure 4 
provides a very substantial improvement over conventional triaxial 
systems that allow only isotropic consolidation and rebound for 
simulating insitu stress conditions. 

The data obtained with the triaxial system in figure 7 
demonstrates the feasibility of concurrent constant-flow hydraulic- 
conductivity and matric-potential measurements, and the variation of 
these properties with the degree of saturation, for specimens of 
undisturbed and unsaturated soils mounted in triaxial cells. However, 
the data show there are limitations to the applicability of this 
approach when hydraulic-conductivity values become extremely low, on the 
order of lo-'' cm/s. Also the system described has limitations when the 
hydraulic conductivity of a specimen exceeds that of the porous stones 
above and below the specizen. Steps we are pursuing to minimize these 
limitations include: (a) adding the capability of measuring the water 
pressure difference across the specimen at the interfaces between the 
specimen surfaces and the high-air-entry porous stones, (b) adding the 
capability of measuring air permeability on either the same specimen or 

- .  
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a replicate specimen, and (c) developing a more rigid triaxial cell that 
allows volume control of the specimen by infusing or withdrawing liquid 
to or from the triaxial cell chamber. 

CONCLUSIONS 

New capabilities for hydrologic property measurements in 
triaxial systems include: (1) volume-controlled and simultaneous 
measurements of hydraulic conductivity and one-dimensional specific 
storage of a saturated test specimen; and ( 2 )  volume-controlled 
measurements of hydraulic conductivity, capillary pressure, and the 
variation of these properties with the moisture content of an 
unsaturated test specimen. 

For a saturated specimen, a dual-carriage flow pump consolidates 
the specimen one-dimensionally at a constant rate of deformation while a 
single-carriage flow pump periodically generates a constant flow rate 
through the specimen. The dual-carriage flow pump is equipped with two 
"infuse-withdraw" actuators that simultaneously extract pore water from 
opposite ends of the specimen and infuse identical quantities of water 
into a hydraulic piston that deforms the sample vertically. One- 
dimensional consolidation is achieved by synchronizing the rate of pore 
water extraction with the rate of vertical deformation such that the 
average diameter of the specimen remains constant. The single-carriage 
flow pump, equipped with one "infuse-withdraw" actuator, generates a 
constant flow rate through the specimen by infusing and withdrawing 
identical flow rates at opposite ends of the specimen. Vertical and 
horizontal effective stresses, and also the pore-water pressure 
difference across the specimen, are continuously monitored with 
differential pressure transducers. 

conductivity measurements are generated by infusing and withdrawing 
identical flow rates at opposite ends of the specimen with a flow pump 
equipped with a "infuse-withdraw" actuator. The top cap and pedestal 
have 5-bar high-air-entry ceramic discs through which water is 
transmitted to or from the specimen. The upper disc has a center hole, 
and is sealed with O-rings in a doughnut-shaped cavity in the top cap. 
A hole through the center of the top cap allows pore-air pressure in the 
specimen to be controlled by an external pressure regulator. The water 
content of the specimen is varied by using a second flow pump to infuse 
or withdraw water at the base of the specimen. Insitu stresses on the 
specimen are simulated using a differential pressure regulator to 
maintain a constant pressure difference between the chamber pressure ana 
the pore-air pressure. Three differential pressure transducers 
continuously monitor: (1) the difference between the pore-water 
pressures above and below the ceramic discs in the top cap and base 
pedestal; ( 2 )  the difference between the pore-air pressure at the top of 
the specimen, and the water pressure below the ceramic disc in the base 
pedestal: and ( 3 )  the difference between the chamber pressure and the 
water pressure below the ceramic disc in the base pedestal. 

For an unsaturated specimen, constant flow rates for hydraulic- 
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Appendix C-2 

CSM Geotechnical Laboratory Results 





SAMPLE NUMBER RF-31 RF1-2 

INITIAL SAMPLE 
Wt. Sample + Tube (9) 

Wt. Tube (9) 
Wt. Sample-calculated (9) 

Wt. Sample-direct meas. (9) 
Tube diameter (in) 

Tube length (in) 
Tube diameter (cm) 

Tube area (sq cm) 
Tube length (cm) 
Tube volume (cc) 

Initial w (% dry soil weight) 
Dry sample weight (9) 

Specific gravity (assumed) 
Dry sample volume (cc) 

Void volume (cc) 
Porosity 

Saturated w ("/. dry soil weight) 

SAT K TEST 
Syringe 

Gear 
Q (cc/s) 

Delta P (psi) 
INITIAL K MEASUREMENT 

L (cm) 
A (sq cm) 

L/A ( l /cm) 
delta h (cm H20) 

k = (UA)(Q/delta-h) (cm/s) 

Approx. length (in) 
Approx Diameter (in) 

AFTER SAT K TEST 

243.72 
58.06 

185.66 

1.925 
2.05 

4.8895 

5.207 
97.7703963 

26.47% 
146.303471 

2.65 
55.208857 

42.561 5392 
0.435321 33 
0.77091 868 

185.03 

18.7767229 

1 "x3/8" 
12 

9.2316E-05 
3.66 

5.1 81 6 

0.2751 0057 
257.4444 

18.8352934 

9.8647 E-08 

2.04 
1.928 

1.9250 
1.7350 
4.8895 

18.7767 
4.4069 

82.7471 
0.0598 

138.0367 
2.6500 

52.0893 

0.3705 
0.5886 

30.6578 

1 "x3/8" 
9 

9.231 6E-04 
0.1650 

4.4069 
18.7767 

0.23470017 
11.6061 

1.8668E-05 



I 1 



Sample RF31 

Elapsed Cumulative w, 70 dry soil wt W Degree of Capillary k =  
Time extracted Ww/Ws Yo total volume Saturation Pressure (L/A)/(Q/delta h) 
hours volume (cc) (decimal) x 100 m (cm/s) 

a 
0 
5 
10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
3 2  
34 
35 
38 
40 
45 
50  

58 
59 
62  
63 
67 
70 
7 3  
75 
77 
80 
8 5  
87 
90 
95 
100 
105 
110 
115 
120 
125 
130 
135 
140 * 145 

0.6647 
0.6647 
0.8308 
0.8308 
1.1 632 
1.1632 
1.4955 
1.4955 
1.8279 
1 .a279 
2.1602 
2.1602 
2.4925 
2.4925 
2.8249 
2.8249 
2.8249 
2.8249 
2.8249 
2.8249 
2.8249 
2.9910 
2.991 0 
3.1572 
3.1572 
3.1572 
3.3234 
3.3234 
3.4895 
3.4895 
3.4895 
3.4895 
3.4895 
3.4895 
3.4895 
3.4895 
3.4895 
3.4895 
3.4895 
3.4895 
3.4895 
3.4895 
3.4895 
3.4895 

0.2860 
0.281 5 
0.281 5 
0.2804 
0.2804 
0.2781 
0.2781 
0.2759 
0.2759 
0.2736 
0.2736 
0.271 4 
0.271 4 
0.2692 
0.2692 
0.2669 
0.2669 
0.2669 
0.2669 
0.2669 
0.2669 
0.2669 
0.2658 
0.2658 
0.2647 
0.2647 
0.2647 
0.2635 
0.2635 
0.2624 
0.2624 
0.2624 
0.2624 
0.2624 
0.2624 
0.2624 
0.2624 
0.2624 
0.2624 
0.2624 
0.2624 
0.2624 
0.2624 
0.2624 
0.2624 

0.431 1 
0.4244 
0.4244 
0.4227 
0.4227 
0.4193 
0.41 93 
0.4159 
0.41 59 
0.4125 
0.41 25 
0.4091 
0.4091 
0.4058 
0.4058 
0.4024 
0.4024 
0.4024 
0.4024 
0.4024 
0.4024 
0.4024 
0.4007 
0.4007 
0.3990 
0.3990 
0.3990 
0.3973 
0.3973 
0.3956 
0.3956 
0.3956 
0.3956 
0.3956 
0.3956 
0.3956 
0.3956 
0.3956 
0.3956 
0.3956 
0.3956 
0.3956 
0.3956 
0.3956 
0.3956 

100.00 
98.43 
98.43 
98.04 
98.04 
97.25 
97.25 
96.47 
96.47 
95.68 
95.68 
94.90 
94.90 
94.1 1 
94.1 1 
93.33 
93.33 
93.33 
93.33 
93.33 
93.33 
93.33 
92.94 
92.94 
92.55 
92.55 
92.55 
92.1 5 
92.1 5 
91.76 
91.76 
91.76 
91.76 
91.76 
91.76 
91.76 
91.76 
91.76 
91.76 
97.76 
91.76 
91.76 
91.76 
91.76 
91.76 

9.86E-08 

0.2 

0.1 

0.1 

0.1 5 

0.2 

0.25 

1.9 

4 
3.6 
3.2 
2.7 

6.75E-09 
5.73E-09 

4 

4.7 
4.78E-09 

6 

6 
5.3 

4.41 E-09 
4.3 
4.2 
3.8 
3.4 
3.3 
2.5 
2.2 
1.9 
1.5 
1.3 
0.6 
0 

4.10E-09 

4.62E-09 
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Sample RF31 

150 
155 
160 
165 
170 
172 
174 
177 
181 
184 
188 
190 
195 
200 
208 
21 2 
21 4 
220 
224 
227 
230 
235 
239 @ 245 
249 
252 
260 
268 
275 
285 
295 
300 
31 0 
320 
325 
335 
345 
360 
380 
400 
41 5 
430 
450 
460 
500 
525 
550 e 

3.4895 
3.4895 
3.4895 
3.4895 
3.4895 
3.4895 
3.6557 
3.6557 
3.6557 
3.9050 
3.9050 
4.1542 
4.1 542 
4.1542 
4.4035 
4.4035 
4.6527 
4.6527 
4.6527 
4.6527 
4.9851 
4.9851 
5.3174 
5.3174 
5.3174 
5.31 74 
6.3144 
6.3144 
6.3144 
7.31 14 
7.31 14 
7.31 14 
8.3084 
8.3084 
8.3084 
9.3055 
9.3055 
10.3025 
10.3025 
12.2965 
12.2965 
12.2965 
12.2965 
12.2965 
12.2965 
12.2965 
12.2965 

0.2624 
0.2624 
0.2624 
0.2624 
0.2624 
0.2624 
0.261 3 
0.261 3 
0.261 3 
0.2596 
0.2596 
0.2579 
0.2579 
0.2579 
0.2562 
0.2562 
0.2546 
0.2546 
0.2546 
0.2546 
0.2523 
0.2523 
0.2501 
0.2501 
0.2501 
0.2501 
0.2433 
0.2433 
0.2433 
0.2366 
0.2366 
0.2366 
0.2299 
0.2299 
0.2299 
0.2231 
0.2231 
0.21 64 
0.2164 
0.2029 
0.2029 
0.2029 
0.2029 
0.2029 
0.2029 
0.2029 
0.2029 

0.3956 
0.3956 
0.3956 
0.3956 
0.3956 
0.3956 
0.3939 
0.3939 
0.3939 
0.391 4 
0.391 4 
0.3888 
0.3888 
0.3888 
0.3863 
0.3863 
0.3838 
0.3838 
0.3838 
0.3838 
0.3804 
0.3804 
0.3770 
0.3770 
0.3770 
0.3770 
0.3668 
0.3668 
0.3668 
0.3567 
0.3567 
0.3567 
0.3465 
0.3465 
0.3465 
0.3364 
0.3364 
0.3262 
0.3262 
0.3060 
0.3060 
0.3060 
0.3060 
0.3060 
0.3060 
0.3060 
0.3060 

91.76 
91.76 
91.76 
91.76 
91.76 
91.76 
91.37 
91.37 
91.37 
90.78 
90.78 
90.1 9 
90.19 
90.19 
89.60 
89.60 
89.01 
89.01 
89.01 
89.01 
88.23 
88.23 
87.44 
87.44 
87.44 
87.44 
85.09 
85.09 
85.09 
82.74 
82.74 
82.74 
80.38 
80.38 
80.38 
78.03 
78.03 
75.67 
75.67 
70.97 
70.97 
70.97 
70.97 
70.97 
70.97 
70.97 
70.97 

-0.6 
-1 

6.23E-09 
-2 
-2 

-0.3 

1.2 
2.8 

4.4 

6 
3.98E-09 

7.2 

8 

8 

11 

11.7 

11 

17.2 
16 

23 

31 

3.37E-09 

3.63E-09 

2.65E-09 

2.21 E-09 

1.98E-09 

38 

8.19E-10 

57 
52 
49 
48 

6.75E-10 
4 3  
39 
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Sample RF 1-2 

-lapsed 
Time 
hours 

0 
2 
3 
6 
10 
14 
18 
22 
27 
32 
35 
40 
45 
48 
50 
53 
55 
59 
62 
65 
68 
71 
73 
75 
77 
80 
83 
88 
91 
95 
100 
104 
108 
112 
115 
125 
130 
135 
138 
142 
147 
155 
165 
170 
180 

Cumulative 
extracted 

volume (cc) 

0.0000 
0.4985 
0.8308 
0.8308 
2.1602 
2.1602 
3.4895 
3.4895 
6.1482 
6.1482 
6.1482 
6.1482 
6.1 482 
6.1482 
6.1482 
6.1482 
6.1482 
6.1482 
6.1482 
6.1 482 
6.1482 
6.6468 
6.6468 
6.6468 
6.6468 
6.6468 
6.6468 
6.6468 
6.6468 
6.9791 
6.9791 
6.9791 
6.9791 
6.9791 
6.9791 
7.6438 
7.6438 
7.6438 
7.6438 
7.6438 
7.6438 
8.3084 
8.3084 
8.3084 
9.3055 

W 

% dry soil wt 
x 100 

22.2099 
21.8488 
21.6080 
21.6080 
20.6450 
20.6450 
19.681 9 
19.681 9 
17.7558 
17.7558 
17.7558 
17.7558 
17.7558 
17.7558 
17.7558 
17.7558 
17.7558 
17.7558 
17.7558 
17.7558 
17.7558 
17.3947 
17.3947 
17.3947 
17.3947 
17.3947 
17.3947 
17.3947 
17.3947 
17.1539 
17.1539 
17.1539 
17.1 539 
17.1 539 
17.1539 
16.6724 
16.6724 

16.6724 
16.6724 
16.6724 
16.1909 
16.1 909 
16.1909' 
15.4686 

16.6724 

W Degree of 
O h  total volume 

0.3705 
0.3645 
0.3605 
0.3605 
0.3444 
0.3444 
0.3283 
0.3283 
0.2962 
0.2962 
0.2962 
0.2962 
0.2962 
0.2962 
0.2962 
0.2962 
0.2962 
0.2962 
0.2962 
0.2962 
0.2962 
0.2902 
0.2902 
0.2902 
0.2902 
0.2902 
0.2902 
0.2902 
0.2902 
0.2862 
0.2862 
0.2862 
0.2862 
0.2862 
0.2862 
0.2781 
0.2781 
0.2781 
0.2781 
0.2781 
0.2781 
0.2701 
0.2701 
0.2701 
0.2580 

Saturation 
x 100 

100.00 
98.37 
97.29 
97.29 
92.95 
92.95 
88.62 
88.62 
79.95 
79.95 
79.95 
79.95 
79.95 
79.95 
79.95 
79.95 
79.95 
79.95 
79.95 
79.95 
79.95 
78.32 
78.32 
78.32 
78.32 
78.32 
78.32 
78.32 
78.32 
77.24 
77.24 
77.24 
77.24 
77.24 
77.24 
75.07 
75.07 
75.07 
75.07 
75.07 
75.07 
72.90 
72.90 
72.90 
69.65 

Capillary 
Pressure 

Fa 

0 

0.1 

0 

-0.02 

3.7 
3.2 
2.5 
2.3 

2.1 

1.9 

1.75 

1.55 

4.5 
4 
3.4 

3.25 

2.7 

4.5 

4.2 

4 

3.85 

4 

3.85 

3.2 

k =  
(UA)/(Q/delta h) 

(cm/s) 

1.87E-05 

4.92E-08 

7.03E-08 

7.03E-08 

6.1 5E-08 

5.47E-08 

6.57E-08 

4.92E-08 

4.92E-08 

4.28E-08 

4.28 E-08 

3.79E-08 
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188 9.3055 
190 9.5547 
202 10.5517 
210 10.5517 
218 10.5517 
220 10.5517 
230 10.5517 
240 10.5517 
250 10.5517 
260 10.5517 
270 10.5517 
280 10.5517 
290 10.5517 
300 10.5517 

15.4686 
15.2880 
14.5658 
14.5658 
14.5658 
14.5658 
14.5658 
14.5658 
14.5658 
14.5658 
14.5658 
14.5658 
14.5658 
14.5658 

Sample RF 1-2 

0.2580 
0.2550 
0.2430 
0.2430 
0.2430 
0.2430 
0.2430 
0.2430 
0.2430 
0.2430 
0.2430 
0.2430 
0.2430 
0.2430 

69.65 
68.83 
65.58 
65.58 
65.58 
65.58 
65.58 
65.58 
65.58 
65.58 
65.58 
65.58 
65.58 
65.58 

3 

2.8 
3.28 E-08 

2.7 
2.7 
2.9 
3 
3 
3 
3 

2.9 
2.8 
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Appendix C-3 

Advanced Terra Testing Laboratory Results 



TABLE C-2 

Soil Moisture Laboratory Data for Hydroprobe Calibration 
Advanced Terra Testing Data 

~~~~~~~ Number 96 volume 

I 
A'IT- 1 8.3 
A'IT-2 119.8 1.92 5.0 125.8 9.59 
Am-2 121.4 1.94 6.7 129.5 13.03 
A'IT-3 111.2 1.78 13.8 126.5 24.58 
Am-4 5.6 

' A n - 5  19.3 
Am-6 95.9 1.54 23.4 118.4 35.95 

1 Am-6 92.7 1.48 26.9 117.6 39.94 

File: T A B L E - 2 . W  Slatus: 14-Sep93 
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833 Parfet Street 
Lakewood, Colorado 8021 5 
(303) 232-8308 



MINUS #lo SIEVE ANALYSES 



@ CLIENT AS1 

MECHANICAL ANALYSIS - SIEVE TEST DATA 
-#lo SIEVE ONLY 

BORING NO. ATT- 1 
DEPTH 2-4'  
SAMPLE NO. 
SOIL DESCR. 

MOISTURE/DENSITY 
DATA 

Wt. Soil & Ring(s) (9 )  
Wt. Ring(s) ( 9 )  
Wt. Soil (9) 
Wet Density PCF 

Wt. Wet Soil & Pan ( 9 )  
Wt. Dry Soil & Pan (9 )  
Wt. Lost Moisture (9) 
Wt. of Pan Only ( 9 )  
Wt. of Dry Soil ( 9 )  
Moisture Content % 

Dry Density PCF 

JOB NO. 20810-08 

SAMPLED 

WASH SIEVE Yes 
DRY SIEVE No 

DATE TESTED 7-28-93 SR 

WASH SIEVE ANALYSIS 

Wt. Wet Soil & Pan 
Before Washing (g) 1035.8 
Wt. Dry Soil & Pan 
Before Washing ( 9 )  1035.8 

Wt. of Dry Soil 

Wt. Dry Soil & Pan 
After Washing ( 9 )  558.0 
Wt. of Dry Soil 
After Washing (9 )  558.0 
-#lo Wash. Out % 46.1 

Weight of Pan ( 9 )  0.0 

Before Washing 1035. a 

ADVANCED TERRA TESTING, INC. 



@ CLIENT AS1 

MECHANICAL ANALYSIS - SIEVE TEST DATA 
-#IO SIEVE ONLY 

BORING NO. ATT-2 
DEPTH comb. 
SAMPLE NO. 4.4-4.9 
SOIL DESCR. 4.9-5.4 * 

MOISTURE/DENSITY 
DATA 

Wt. Soil & Ring(s) (9) 
Wt. Ring(s) (9) 
Wt. soil (9) 
Wet Density PCF 

Wt. Wet Soil & Pan (9 )  
Wt. Dry Soil & Pan (9) 
Wt. Lost Moisture (9) 
Wt. of Pan Only (9) 
Wt. of Dry Soil (9) 
Moisture Content % 
Dry Density PCF 

JOB NO. 20810-08 

SAMPLED 
DATE TESTED 7-28-93 SR 
WASH SIEVE Yes 
DRY SIEVE No 

WASH SIEVE ANALYSIS 

Wt. Wet Soil & Pan 
Before Washing (9) 
Wt. Dry Soil & Pan 
Before Washing (9) 
Weight of Pan ( 9 )  
Wt. of Dry Soil 
Before Washing 
Wt. Dry Soil & Pan 
After Washing (9) 
Wt. of Dry Soil 
After Washing (9) 
-#lo Wash. Out % 

898.0 

898.0 
0.0 

898.0 

466.7 

466.7 
48.0 

ADVANCED TERRA TESTING, INC. 



@ CLIENT AS1 

MECHANICAL ANALYSIS - SIEVE TEST DATA 
-#lo SIEVE ONLY 

BORING NO. ATT-4 
DEPTH 7.9-9.9' 
SAMPLE NO. 
SOIL DESCR. 

MOISTURE/DENSITY 
DATA 

Wt. Soil & Ring(8) ( 9 )  
Wt. Ring(s) (9) 
Wt. Soil (9) 
Wet Density PCF 

Wt. Wet S o i l  & Pan ( 9 )  
Wt. Dry Soil & Pan (9) 
Wt. Lost Moisture (9) 
Wt. of Pan Only ( 9 )  
Wt. of Dry Soil ( 9 )  
Moisture Content % 
Dry Density PCF 

JOB NO. 20810-08 

SAMPLED 
DATE TESTED 7-28-93 SR 
WASH SIEVE Ye8 
DRY SIEVE No 

WASH SIEVE ANALYSIS 

Wt. Wet Soil & Pan 
Before Washing (9) 1060.1 
Wt. Dry Soil & Pan 
Before Washing (4) 1060.1 

Wt. of Dry Soil 
Before Washing 1060.1 
Wt. Dry Soil & Pan 
After Washing (9) 553.1 
Wt. of Dry Soil 
After Washing ( g )  553.1 
-#lo Wash. Out % 47.8 

Weight of Pan (9) 0.0 

ADVANCED TERRA TESTING, INC. 



CLIENT AS1 

MECHANICAL ANALYSIS - SIEVE TEST DATA 
-#lo SIEVE ONLY 

BORING NO. ATT-5 
DEPTH 19.4-21.5' 
SAMPLE NO. 
SOIL DESCR. 

MOISTURE/DENSITY 
DATA 

Wt. Soil & Ring(s) (9 )  
Wt. Ring(s) (9) 
Wt. soil (9 )  
Wet Density PCF 

Wt. Wet Soil & Pan ( 9 )  
Wt. Dry Soil & Pan ( 9 )  
Wt. Lost Moisture ( 9 )  

Wt. of Pan Only (9)  
Wt. of Dry Soil ( 9 )  
Moisture content % 
Dry Density PCF 

JOB NO. 20810-08 

SAMPLED 
DATE TESTED 7-28-93 SR 
WASH SIEVE Yes 
DRY SIEVE No 

WASH SIEVE ANALYSIS 

Wt. Wet Soil & Pan 
Before Washing (9) 
Wt. Dry Soil & Pan 
Before Washing (9 )  
Weight of Pan ( 9 )  
Wt. of Dry Soil 
Before Washing 
Wt. Dry Soil & Pan 
After Washing (9) 
Wt. of Dry Soil 
After Washing (9) 
-#lo Wash. Out % 

797.4 

797.4 
0.0 

797.4 

21.0 

21.0 
97.4 

ADVANCED TERRA TESTING, INC. 



@ CLIENT AS1 

MECHANICAL ANALYSIS - SIEVE TEST DATA 
-#lo SIEVE ONLY 

BORING NO. ATT-6 
DEPTH comb. 
SAMPL% NO. Liner 39+40 
SOIL DESCR. 

MOISTURE/DENSITY 
DATA 

Wt. Soil & Ring(s) (9) 
Wt. Ring(s) (g) 
Wt. Soil (9)  
Wet Density PCF 

Wt. Wet S o i l  & Pan (9) 
Wt. Dry Soil IS Pan (9) 
Wt. Lost Moisture (9) 
Wt. of Pan Only (9) 
Wt. of Dry S o i l  (9) 
Moisture Content % 

Dry Density PCF 

JOB NO. 20810-08 

SAMPLED 
DATE TESTED 7-28-93 SR 
WASH SIEVE Yes 
DRY SIEVE No 

WASH SIEVE ANALYSIS 

Wt. Wet Soil & Pan 
Before Washing (9) 
Wt. Dry Soil & Pan 
Before Washing ( 9 )  
Weight of Pan (9) 
Wt. of Dry S o i l  
Before Washing 
Wt. Dry S o i l  & Pan 
After Washing ( 9 )  
Wt. of Dry Soil 
After Washing (9) 
-#lo Wash. Out % 

a44.8 

a44.  a 
0.0 

844.8 

28.1 

28.1 
96.7 

ADVANCED TERRA TESTING, INC. 



CAPILLARY MOISTURE RETENTION 



0 4  m m  ma)  m m  m a  
W I -  d W  P W  PI- D m  
m m  m m  LnLn m m  m m  
4rl 4 4  4 4  A 4  4 4  
. . . . . . . . . .  u 

= P  .c 
m 

dN mcu r-d cum 00 
o m  WCO W I -  ma, mu, 
COW * m  m 4  N O  0 0  

COQ PI- 0 4  4 4  4 4  
d* d d  * d  e* d* 

. . . . . . . . . .  
cr 
W 
0 

4 

u z 
H 

Lc 
c d m  
m m t n  

a) d d  m m  m m  W d  L D F  
0 I-N I-4 * a  PI- r - m  
0 m m  
0 4 4  00 Nhl m d  I-- 

m m  m m  - *  d d  * *  
, . ? ?  ? ?  ? ?  9 9  

N a m  W a n  C O 4  O N  O F  
4 r-q m m  ~m \om 
m m m  * m  * a  m m  m a  
0 4 4  4 4  NN m m  PI- 

m m  m m  * e  d* * *  
. . . . . . . . . . .  

n 
W 

5 
4 

C O m  
o m m  h m  

cdmo 
m a  
t: 

N 

P N m  4 m  o m  COP C O *  
N m a  - 4  o m  a m  rlN 
m e m  m o  m o  C O W  m o  . . . . . . . . . . .  
0 NN A N  CJm m m  r-CO 

m m  m m  d d  d* d d  

!..I 
(d 
m m  
m a  

* I :  
m b  

0 

. . . . . . . . . . .  
0 NN NN m m  W W  C O C O  

m m  m m  * d  d d  d* m i n i n  
8 2 2  

V 
H 
b 

ll r- 0 3 0  a m  NN 4 m  -4-07 
m N O  4 -  P m  N O  Nr- 
W CIN COQ COO InFI W I -  

0 m m  NN m d  W W  C O C O  
m m  m m  **  d d  d -  

. . . . . . . . . . .  (d 
m m  
mcd 

a t :  
0 

m c n  
i w 
H 
W 
d 
w 
E 

Id 
4 W C O N  N C O  L n N  0 4  d ' m  

0) P m  d d  o m  P m  a m  
ID m m  d d  0-3 m d  P m  . . . . . . . . . . .  
o m m  9 -  m m  C O C O  m o  

m m  m m  d d  d d  d m  
H 
0 
I: 

m m  (urn m m  m o  PCO 

00 m m  00 9 -  w w  

P W  dCO N C O  COW d W  
4 0  NN r-03 COW m e  

m m  d d  * e  d d  d d  

. . . . . . . . . .  o m  
 am^ 
acd 

I: 
m 
4 

N 
m 
W 

LD 40, r-CO m m  C O N  
cn ~m m m  r - w  m a  
d W W  mr- P m  r - W  

0 0  0 0  0 0  0 0  0 0  
4 4  l id  4 4  4 4  4 4  

. . . . . . . . . .  t n m  
c m t n  
-4 (d 
at:  H 

m 
4 



m o  o m  e m  w m  
mu, r l w  P m  Pu, 

d m m  d m  0 0  m m  
0 NN m m  NN m m  
3 

. . . . . . . .  Nul 
P W  

m w  
d* 

. .  
u z 
n 

N 

al 
tn 
d 
91 

. .  
O r (  m m  

8 

m d  O N  m r l  or- m w  m d  bN m d  
m m  w w  . * .  

m m  u , w  
m r l  r l P  04 o w  
dI- o w  m o  m *  

d m m  d m  rlrl m m  
0 PJPJ m m  N N  m m  
3 

- .  - 0  m m  d - ~  
9 0  
a , N  
a x  

. . . . . . . .  

r l m  
Pa3 

CUW 
. .  al 

5 
rl 
0 > P I -  

m *  
mu, 
e* 

. .  
h 

II 

m 

rl s d N  
e m  
0 0  
m m  
. .  . . . . . . . .  

0 m m  mco d m  NN 
rld rld 4 4  N P J  2 

8 

a dp m 
co 
0 

I 
rl 
a3 
0 
N 

m 
m 
I 
0 
m 
I 

P 

m 
m 

I 
N 

I 
m 

m 
m 
d 
r. 

w w  a 3 4  I-N o m  
m w  m o  0)-  . * * .  0 0  m m  

u o  . .  
a 3 W  

h 
Lc 
n O m  

m m  . .  h m r l m  
m m  n w It x 

2 
P b  
N m  . .  # 

I 

(d 
c, 
d 
CI 

0 z d W  
m m  E-c m w 

H 
m 
0 
5 

0 
E-c z w 
E-c w 
p: 

O w  
PI- 
P m  

c, 
d 
a, 
4 J  c 
0 u 

. .  
m 0  
rl w 

bi; 
3 
H 
m al 

h 
1 
4J 
m 

o m  
a 0 0  
NN 

H 
0 
3: u m t J l  . . . . . . . .  

a m  d e  o m  Pco Pr- mI: bb dszy m m  m m  

. .  
a m  
m m  E 

4 
d m  coco 
0 0  00 
m m  m m  
rlrl rlrl 

r l m  m o  
d m  cVm w w  PI- 

coco 0303  
NN W N  

. . . .  

. . . .  

P m  
D O  
* m  

rlrl 

O m  
A N  
mu) 

. .  

. .  
m w  
NN 

PI 
4 u 

H 
m 
4 

m u  
m d d d d a 
al rld NN d* l n m  \Dm 
a I I  I I  I I  I I  I I  

HE-( H k  E-cH hE-c t3k 
k W  H-ck -ckH HE-c HH 
4 4  4 4  4 4  4 4  4 4  



W 
0 
m 
a, 
o\ 
(d 
!& 

. 
ii 
!a 
h w 
h 

w 
FI 
w !z 
W e: 
3 
E-c 
m 
U 

0 
3: 
5-4 
a a: 
d 
d 
04 
H 

4 u 

a) 
0 
I 
rl 
a) 
0 
N 

0 z 
0 
b 
rn 

H 
m 
a: 

a 
m 
m 
m 
I 
0 
m 

I 
P 

n 
W 
h a 
2 
m 
H 
m 
W 
E-c 

m 
m 

I 
N 
I m 

n w 
X 
m 
H 

?i 
rxl 

H 
m 
W 
E-c 

a, 

.-I 
0 
3 
h 

II 

d 
0 > 
dP 

5 

rn 

c 

m 
m 
(d 
z: 
h 
Lc 

h 

I1 

I: 

n 

rn 

n 
e 
I 

(d 
U 
(d 
P 

c, 
c 
a, 
U 
c 
0 u 
a, 
Lc 
3 
c, 
m 
-4 
0 
I: 

a 
rlrl 

P m  
m a  
m m  
NN 

. .  

COP 
au, 
m m  
4 4  

. .  

c-4 
0 3 a )  

d d  

a m  \ o w  
a 3 0  
a m  

. .  

. .  

-0 
mu, 
mu, 
rlrl 

. .  

u,d 
ba) 

m m  
. .  
O b  

d0 
m m  

a m  . .  

bu, 
m c I  
\om 
rlrl 

. .  

m N  
b m  ma) . .  
m m  

a 
NN 

m o l  
o m  . .  
m m  
rld 

a 0  
( vm  
m m  
. .  

t-d 
mu, 
u,u3 

NN 

ma) 
t-u, 

m m  
4 4  

. .  

. .  

O N  
m d  

0 0  
rlrl 

. .  

03W 
0 0 0  
001 

m m  
m e  
a)- 

PI -  
drl 

* .  

. .  

m m  
a ) -  

drl 
rlrl 

. .  

m m  
ml- 
m m  
m m  
. .  

a 
d d  
I I  

aa) 
d d  

m a )  
NN 

. .  

Pa) u , w  
m a )  
rlrl 

. .  

d -  
u,u, 
m m  
m m  
rld 
Nrl 

00 
m m  

. .  

. .  

ma) 
001 

O m  
N4 

. .  

w r l  
m e  
r-t- 

m m  

O P  
m u ,  
rld 
m m  

. .  

. .  

m m  
0 0 1  

4 0  
NN 

. .  

Pd 
m m  
0 0  

au, 
. .  

d 
mLn 

I I  

PI- 
r l m  
m o l  
m m  

. .  

Pol 
rld 

mu, 
NN 

. .  

Oa) 

d d  

I-- 

ma) 
u,rl 

4 c y  de 

a m  . .  
. .  

mu,  
COO 

-03 
NN 

. .  

d d  
cnm 
* o  

T C -  
a) 

m e  
bd 

m d  
b d  

. .  

mu, 
0P-l 

m m  
NN 

. .  

mu, 
COO 
N d  

coo0 
. .  

a 
lDu, 



a, 
P 
rd 
!& 

. 
n 
H 
[A w 
E-c 

d w 
E-c 

z w 
E-c 
2 
W 
a 
3 
H 
VI 
H 

E 

u NN r -m m m  W Q )  r-r- z: u NUI m~ m m  rlrl r l m  . . . . . . . . . .  

VI u m o  corn m a 3  rle m a  
c u m  r. Lc ma) u ) w  r - w  Nrl u)rl 
o m m  !Tj . . . . . . . . . .  
l l m  - & r n  e e  coo m m  00 r l ~  

4 0 1  4 N c y  cum rlrl m m  ee 
c o m a  
0 1 1  
N r - m  

N g 
u e w  o e  me or- m e  z: Lc u)o cum a3k- a ) w  erl 
. # a  u)r- 40 r-r- rlrl m e  

4 NN m m  4 4  m m  e* 

. . . . . . . . . .  
4 

n n w  g w x  

0 z 
rn 
0 
b 

B 
v) w 
B 

u L c  

9 d P  

4 m  
0 '  s o  

m o  
m w  . .  
m m  
N C V  

o m  
rlu) 

e m  
m m  

. .  e m  
r -m  . .  
0 0  
N c y  

a m  r - w  
m m  
m m  

. .  

u l4 m r l  4 r -  0 7 4  o w  
Id 4P ou) m o  m d  

* d P  l n m  e m  rlrl m m  
4 m c.IN m m  NN m m  

. . . . . . . .  
9 d  
u ma3 m r l  or( o m  c NCI Na  O N  o m  

N m  
r-u) 

m w  
ee 

. .  

o m  
m m  
r l m  
l nm  

. .  

H 
VI 
4 

d a e: e: d 
rlrl N c v  q d  mrn o w  

m 
m 
rl 
e 

Io - 
W 
0 
N 

m 
m 
0 
rl 

m 
u) 
rl 
m 

m 
m 
0 
m 

0 

a 
a, 
m 
3 

ro 
a 
rd 
a, 
X 



Id > 
fY 
3 
c', 

a: 
a 4s  

E A  

F 0 
lD 

0 ln 

0 
s 
I 
a, 
L 
3 
rn 
0 
I 

c .- 0 
M 

0 
.c 

0 



I 

I 

I 

0 ? e In M In N In 7 

M N - 0 
? 
d- 

0 
u) 

0 
In 

0 
e 

0 
m 

0 
N 

0 - 

0 

0 > 



I- o a 

0 
CD 

0 
In 

0 
4- 

0 
M 

0 
cv 

0 
c 

0 

0 > 



* 
Lit a 
i 

n a 
0 

I - 

0 
In 

I 

? 
3 
v) 

0 
I 

c .- 0 
M 

V 
I .- 
t 

a, 

0 - 

0 



7 In 0 

0 
In * In M In N Lc! 
G M N Y 

0 
W 

0 
In 

0 * 

0 
M 

0 
N 

0 
7 

0 

s! 
I 

r 
U 



LLl > 
a 
1 
c) 

I 
I - 
n a 
0 

e 

0 
W 

0 
In 

I 
3 
v) 

0 
I 

c .- 0 
M 

V 
I 
.- 
c 

i 

0 - 

0 



0 
W 

0 
In 

0 * 

0 
M 

0 
cv 

0 - 

0 

s! 
I 

V 
L .- 

0 > 



I- 
cn 
E 
LLJ, 
I- 

- 
C> a 
a a 
ZT 

Ill 

cn 

a? 
I 



Id > 
IQL 
3 
c') 

)I 
E a 
I 
I - 
n 
4 
0 

0 
LD 

I 
Q) 
I 
3 
v) 

0 
I 

c .- 0 
M 

V 
I .- 
c 

i 
3 
0 > 
- 0 

e4 

0 - 

0 



.4 c> 

0 
ID 

0 
In 

0 * 

0 
M 

0 
N 

0 - 

0 

0 

I 

? 
3 
v) 
c .- 
0 
I 
V 
I 
c 
a, 

.- 
€ 
3 
0 > 
- 



d 

$- 

i .  C 

r 
f \l 

" 

I 
I 
I 

\ I  
3 

I 

$ 4 

3 
,'I 

4 

1 rt 

I 

'N 

hl 
I 
I 

3 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

4 

4 
n 
Y 

Y 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
w 
d 

I 
I 
I 

I 
I 
I 
I 
I 
I 
! 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

I 

I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
~ 

I 
I 
I 
I 
I 
I 

1 
I 
I 
I 
I 

, 

; 
I 
I 

I 
I 
I 

I 
I 
I 
I 
I 

I 
I 
I 
I 
1 

I 

I 

I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I ; 
I 
I 

I 

I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
1 
I 

I 
I 
I 
I 
I 
1 
1 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 

I 

1 

1 
I 
I 
I 
I , 
I 
I 

i , 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
1 
1 
I 

I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

I 
I 
I 
! 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

I 

, 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 

1 

~ 

I 
I 
! 
I 

I 



BRUCE-KLUTE DIFFUSIVITY 



BRUCE/KLUTE DIFFUSIVITY ANALYSIS 

Dist. 
From 

Water 
(cm) 

1.00 
2.00 
3.00 
4.00 
5.00 
6.00 
7.00 
8.00 
9.00 
10.00 
11.00 
12.00 
13.00 
14.00 
15.00 e 16.00 

ATT- 1 
VOl. 
MC 

31.25 
26.57 
26.85 
26.72 
25.12 
22.09 
8.03 
3.00 
3.15 
3.25 
3.30 
3.25 
3.19 
3.34 
3.27 
3.27 

ATT-2 
VOl. 
MC 
( % I  

36.07 
33.15 
31.12 
29.81 
29.84 
29.15 

27.08 
25.61 
21.11 
4.32 
2.62 
2.65 
2.73 

28-48 

ATT-4 
Vol. 
MC 
($1 

35.53 
34.26 
33.35 
35.12 
33.63 
31.43 
31.43 
15.17 
2.48 
2.39 
2.56 
2.44 
2.58 
2.44 
2.58 
2.58 

ATT- 5 
V O l .  

MC 
( % I  

40.06 
35.82 
23.82 
2.71 
3.38 
2.31 
2.43 
2.35 
2.40 
2.43 
2.40 
2.19 
2.29 
2.46 
2.25 
2.65 

ATT-6 
Vol. 
MC 
( % I  

43.29 

11.56 
3.06 
2.93 
2.97 
2.96 
3.02 
3.18 
3.15 
3.03 
3.02 
3.02 
3.00 
3.02 
3.40 

38.86 

ADVANCED TERRA TESTING, INC. 
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Appendix C-4 

Laboratory Data Analysis 



TABLE C-4 

RECHARGE STUDY, ROCKY FLATS PLANT SITE 
PRELIMINARY RESULTS OF UNSATURATED SOIL 

HYDROLOGIC PROPERTY MEASUREMENTS BY CSM 
BOREHOLE 02793,14.4-14.9 FT. 

Moisture soil Matric Hydraulic Relative 
Content Suction Potential Conductivity Hydraulic 

(cm3/cm3) (psi) (cm) (cmhec) Conductivity 

0.3060 
0.3262 
0.3364 
0.3465 
0.3567 
0.3668 
0.3770 
0.3804 
0.3838 
0.3863 
0.3888 
0.39 14 
0.3939 
0.3956 
0.3990 
0.4007 
0.4024 
0.4058 
0.409 1 
0.4159 
0.4193 
0.4227 
0.4244 
0.43 11 

57.0 

38.0 
31.0 
23 .O 
16.6 '1 
11.4 
11.0 
8.0 
7.2 
6.0 
4.4 
2.0 
2.9 ') 
4.7 
4.0 
3.4 
1.9 
0.3 
0.2 
0.1 
0.1 
0.2 
0.0 

-4008.1 

-2672.0 
-2179.8 
- 16 17.3 
-1 167.3 
-801.6 
-773.5 
-562.5 
-506.3 
-42 1.9 
-309.4 
- 140.6 
-201.8 
-330.5 
-28 1.3 
-237.7 
-133.6 
- 17.6 
-10.5 
-7.0 
-7.0 

-14.1 
0.0 

8.19E- 10 

1.98E-09 
2.21E-09 
2.65E-09 
3.63E-09 

3.37E-09 

3.98E-09 

4.38E-09 ') 
4.78E-09 

6.24E- 09 

9.86E-08 

8.31E-03 

2.0 1E-02 
2.24E-02 
2.69E-02 
3.68E-02 

3.42E-02 

4.04E-02 

4.44E-02 
4.85E-02 

6.3 3 E-02 

l.OOE+OO 

1) Average of two or more data points. 

File: CSM-RF31.WK3 26-Oct-93 



TABLE C-5 

RECHARGE STUDY, ROCKY FLATS PLANT SITE 
PRELIMINARY RESULTS OF UNSATURATED SOIL 

HYDROLOGIC PROPERTY MEASUREMENTS BY CSM 
BOREHOLE02293,2.9-3.4FT. 

Moisture soil Matric Hydraulic Relative 
Content Suction Potential Conductivity Hydraulic 

(cm3/crn3) (psi) (cm) (cdsec) Conductivity 

0.2430 
0.2580 
0.2701 
0.2781 
0.2862 
0.2902 
0.2962 
0.3605 
0.3705 

2.9 l) 

3 .O 
3.2 
3.9 
4.2 l) 

3.6 l) 
2.4 l) 

0.1 
0.0 

0 1) Average of two or more data points. 

-202.5 3.28E-08 1.75E-03 
-21 1.0 
-225.0 3.79E-08 2.03E-03 
-274.2 4.28E-08 2.29E-03 
-297.4 4.92E-08 2.63E-03 
-251.0 6.02E-08 3.22E-03 
-167.4 6.28E-08 3.36E-03 

-7.0 
0.0 1.87E-05 1 .OOE+OO 

File: CSM-RF12.WK3 26-OCC-93 
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APPENDIX D 

HYDROPROBE CALIBRATION RESULTS 



Appendix D-1 

Site 1 - PVC Casing and Aluminum Casing 



TABLE D - 1 

Hydroprobe Calibration at Site I -with Outliers 

9 02393/pvc 3.9-4.4 
02393/pvc 4.4-4.9 
02393/pvc 4.9-5.4 

12 02393/pvc 5.4-5.9 
02693/pvc 8.4-8.9 

24 02393Jpvc 9.4-9.9 

7 02293/alum 2.9-3.4 

Regression Output: Site 1 PVC Casing 
Constant -3.6983 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 

X Coefficient(s) 0.004299 

C.WFP\RECHARGMNALYSIS~~DATA.WK3 (wak.h.18:) 



TABLE D - 2 

Hydroprobe Calibration at Site 1 -without Outliers 

C:WFPIAECHAffiMNALYSIS~~DATA.WK3 twcdalwet E:) 
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Appendix D-2 

Site 2 - PVC Casing 



TABLE D - 3 

Hydroprobe Calibration at Borehole 02993 with Outliers 

28 1 1.4-1 1.9 22&23 1 1.2A2.2 
32 13.4-13.9 24825 13.U14.2 
34 14.4-14.9 25826 14.U15.2 
38 16.5-1 7.0 27828 16.2A7.2 

C:WFPWECHARGRANALYSIS\CALBDATAWK3 (Workshea A )  
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TABLE D - 4 

Hydroprobe Calibration at Borehole 02993 without Outliers 

28 11.4-11.9 22&23 11.2h2.2 
34 14.4-1 4.9 258~26 14.V15.2 
38 16.5-17.0 27828 16.2h7.2 

C:\RFPWECHARGMMLYSlSCALBDATAWK3 (Wohhea A )  
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